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Abstract.
A  r e la t iv e ly  s im p le  a n d  r e lia b le  g a s k e t  in s u la t io n  t e c h n iq u e  fo r  e le c tr ic a l  
f e e d th r o u g h s  in  th e  D ia m o n d  A n v i l  C e ll  h a s  b e e n  s u c c e s s f u ly  d e v e lo p e d .  T h is  
in v o lv e d  th e  u s e  o f , e a s y  to  u s e  c o m p o n e n t s  s u c h  a s  e p o x y  r e s in s  w h ic h  c a n  
b e  e a s i ly  o b ta in e d , a n d , th e  u s e  o f  s im p le  e q u ip m e n t  w h ic h  a r e  p a r t  o f  a n y  
r e a s o n a b ly  e q u ip e d  la b o r a to r y .
P h o to c o n d u c t iv i ty ,  d e m o n s tr a to r , e x p e r im e n ts  o n  s tr a in e d  la y e r  q u a n tu m  w e l l  
m a te r ia l w e r e  s u c c e s s f u l ly  u s e d  to  p r o v e  th e  fe a s ib i l i ty  o f  th e s e  te c h n iq u e s .  
T h e  p r e s s u r e  c o e f f ic ie n t  v a lu e s  o b ta in e d  fo r  s tr a in e d  I n G a A s /G a A s ,  
I n G a A s /A lG a A s  a n d  u n s tr a in e d  I n G a A s /I n G a A s P  w e r e  in  a g r e e m e n t  w i t h  
th a t  o b ta in e d  w it h  a  p h o t o lu m in e s c e n c e  te c h n iq u e .
U n lik e  p h o t o lu m in e s c e n c e  it  i s  a ls o  p o s s ib le  to  o b ta in  th e  p r e s s u r e  c o e f f ic ie n ts  
o f  h ig h e r  e n e r g y  s ta te s  w i t h  th e  p h o t o c o n d u c t iv i t y  e x p e r im e n t .
In  th e  p r o c e s s ,  la m in a te d  g a s k e t s  fo r  e le c tr ic a l m e a s u r e m e n ts  w e r e  a ls o  
d e v e lo p e d .  T h is  h a s  le d  to  a  t r e m e n d o u s  im p r o v e m e n t  in  th e  e x p e r im e n ta l  
r e lia b il ity  to  s u c h  a n  e x te n t  th a t  th e  e le c tr ic a l f e e d th r o u g h s  h a v e  b e c o m e  
a lm o s t  a s  r o u t in e  a s  th e  o p t ic a l  e x p e r im e n ts .  F u r th er , it  is  n o w  p o s s ib le  to  u s e  
o r d in a r y  o p t ic a l ly  c u t  a n v ils  to  c o n d u c t  e le c tr ic a l f e e d th r o u g h s  w it h o u t  
r e s o r t in g  to  s p e c ia l ly  d e s ig n e d  o n e s ,  s u c h  a s  r o u n d e d  o r  m u lt ip le  b e v e l le d  
a n v ils ,  or , e v e n  d e p o s i t in g  p e r m a n e n t  c o n d u c t in g  s tr ip s  o n to  th e  d ia m o n d  
c u le ts . T h e  b e n e f it s  o f  th is  i s  th a t  o b t a in in g  o r d in a r y  c u t  a n v ils  i s  m u c h  
s im p le r  th a n  o b ta in in g  s p e c ia l is t  b e v e l l e d  o r  r o u n d e d  e d g e  a n v ils .
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Chapter 1.
Uses of the Diamond Anvil Cell.
T h e  e f fe c t  o f  h ig h  p r e s s u r e  o n  a  m a te r ia l is  to  in c r e a se  th e  o v e r la p  b e t w e e n  
e le c tr o n ic  o r b ita ls  o n  a d ja c e n t a to m s . T h is  g iv e s  r is e  to  e n e r g y  b r o a d e n in g  
r e s u lt in g  in  a n  in c r e a s e  in  e le c tr o n  m o b il i ty .
T h e r e  a re  a  la r g e  n u m b e r  o f  m a te r ia ls  w h o s e  e x c ite d  s ta te s  l ie  s u f f ic ie n t ly  n e a r  
th e  g r o u n d  s ta te  s u c h  th a t  th e  r e la t iv e  s h if t  a t h ig h  p r e s s u r e  c a n  c r e a te  a  n e w  
g r o u n d  s ta te  o r  m o d if y  i t  b y  a  c o n f ig u r a t io n  in te r a c tio n . T h is  n e w  g r o u n d  s ta te  
w il l  n o r m a lly  h a v e  d if fe r e n t  p r o p e r t ie s  w h ic h  le a d s  to  n e w  e le c tr o n ic  a n d  
c h e m ic a l  p h e n o m e n a  in  th e  m a te r ia l.
T h e  a im  o f  th e  w o r k  c o n ta in e d  in  th is  th e s is  i s  to  d e v e lo p  a  r e lia b le  m e th o d  
o f  e le c tr ic a l f e e d th r o u g h s  in to  th e  D ia m o n d  A n v il  C e ll. N u m e r o u s  m e th o d s  
c a n  b e  u s e d  to  a c c o m p lis h  th is . T h e  p r im a r y  p u r p o s e  is  a ls o  to  d e v e lo p  a  l o w  
c o s t  a n d  e a s y  to  u s e  m e t h o d  w h ic h  a n y o n e  w it h  a  l im ite d  r e s o u r c e s  c a n  u s e  
w it h o u t  th e  n e e d  to  r e so r t  to  s p e c ia l is t  a n d  e x p e n s iv e  e q u ip m e n t . T h e  
p r o c e d u r e s  ta k e n  to  d e v e lo p  th is  m e th o d  is  d is c u s s e d  in  g r e a t  d e ta il  
th r o u g h o u t  th is  th e s is .
T h is  th e s is  h a s  b e e n  d iv id e d  in to  t w o  se c t io n s :  s e c t io n  1 c o n ta in s  th e  m a in  
th r u s t  o f  m y  P h .D  w o r k ; d e v e lo p in g  th e  t e c h n o lo g y  o f  e le c tr ic a l f e e d th r o u g h s  
in  a  D ia m o n d  A n v i l  C e ll;  s e c t io n  2  w i l l  d e a l  w it h  th e  p h o t o c o n d u c t iv i t y  
e x p e r im e n ts  th a t  w e r e  c a r r ie d  o u t  to  d e m o n s tr a te  it s  u s e s .
In  C h a p te r  1 th e  e f fe c t  o f  h y d r o s ta t ic  p r e s s u r e  o n  s e m ic o n d u c to r  m a te r ia l a n d
1.1 Introduction.
1
a  b r ie f  o u t l in e  o f  th e  t y p e  o f  s p e c t r o s c o p y  m e a s u r e m e n ts  th a t  c a n  b e  ca rr ied  
o u t  a t h ig h  p r e s s u r e s  w i l l  b e  d is c u s s e d .  T h e r e  are  a  n u m b e r  o f  d e v ic e s  th a t  c a n  
b e  u s e d  to  ca rry  o u t  h ig h  p r e s s u r e  s t u d ie s .  H o w e v e r ,  in  th is  th e s is  w e  w i l l  
c o n c e n tr a te  o n ly  o n  th e  D ia m o n d  A n v i l  C e ll  (D A C ) a n d  C h a p te r  2  c o n ta in s  a  
s u r v e y  o f  th e  ty p e s  o f  D A C  th a t a r e  c u r r e n t ly  a v a ila b le . T h e  e x p e r im e n ta l  
t e c h n iq u e s  fo r  e le c tr ic a l m e a s u r e m e n ts  are  d e s c r ib e d  C h a p te r  3 a n d  4. C h a p te r  
5  e x p la in s  th e  th e o r y  o f  p h o t o c o n d u c t iv i t y  th a t  is  th e  b a s is  o f  th e  e x p e r im e n ts .  
T h e  e x p e r im e n ta l  r e s u lts  a n d  d is c u s s io n  a re  g iv e n  in  C h a p te r  6. F in a lly , th e  
c o n c lu s io n s  d r a w n  fr o m  th is  s t u d y  a n d  s u g g e s t io n s  fo r  fu r th e r  w o r k  a re  
p r e s e n te d  in  C h a p te r  7.
1 .2  T h e  e f f e c t  o f  p r e s s u r e  o n  s e m ic o n d u c t o r  b a n d  s tr u c tu r e .
T a k in g  th e  e n e r g y -b a n d  s tr u c tu r e  o f  g e r m a n iu m  a s  a  ty p ic a l  s e m ic o n d u c to r ,  
( f ig u r e  1) th e  m a x im u m  e n e r g y  in  th e  v a le n c e  b a n d  c o r r e s p o n d s  to  e le c tr o n s  
o f  w a v e  v e c to r  z e r o ;  th e  c o n d u c t io n  b a n d  is  e m p ty  o f  e le c tr o n s  w h i l s t  th e  
v a le n c e  b a n d  is  fu ll .
T h e  th e o r e t ic a l c a lc u la t io n  o f  th e  b a n d  s tr u c tu r e  o f  s e m ic o n d u c to r s  h a s  b e e n  
r e v ie w e d  b y  H e r m a n 1. T h e s e  c a lc u la t io n s  h a v e  b e e n  m a d e  o n  th e  a s s u m p t io n  
th a t  th e  v a le n c e  a n d  c o n d u c t io n  b a n d  e le c tr o n s  m o v e  in  a n  e f f e c t iv e  p o te n t ia l  
s im ila r  to  th a t  o f  a  fr e e  e le c tr o n . T h e  a ttr a c t iv e  p e r io d ic  p o te n t ia l  o f  th e  a to m ic  
c o r e s  i s  p a r t ia l ly  o f f s e t  b y  th e  o r th o g o n a lis e d  w a v e  fu n c t io n  o f  th e  c o re . T h is  
is  d u e  to  th e  r e p u ls iv e  p s e u d o p o t e n t ia l  th a t  p a r t ly  c a n c e ls  th e  a ttr a c t iv e  
p o te n t ia l  d u e  to  th e  c o r e  c h a n g e  (C o h e n  a n d  H e in e 2). T h e  in f lu e n c e  o f  th e  c o r e  
is  h e n c e  r e d u c e d , th e  b a n d  s tr u c tu r e  b e c o m e s  th a t o f  a n  e le c tr o n  m o v in g  in  a
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F ig u r e  1 . S h o w s  th e  b a n d  s tr u c tu r e  o f  G e
s m a ll  r e g u la r  p o te n t ia l  h a v in g  th e  p e r io d ic i ty  a n d  s y m m e tr y  o f  th e  p a r tic u la r  
la t t ic e  in v o lv e d .  T h e  b a n d  s tr u c tu r e s  o f  a ll g r o u p  IV  a n d  m o s t  H I-V  
c o m p o u n d s  are e x p e c te d  to  b e  s im ila r  b e c a u s e  th e y  a ll h a v e  th e  s a m e  la tt ic e .  
T h e  e n e r g y  d if fe r e n c e  o f  a  p a r t ic u la r  s ta te  in  th e  a c tu a l la t t ic e  a n d  its  e n e r g y ,  
in  th is  m o d e l  o f  a  p e r io d ic  p o te n t ia l  o f  s m a ll  a m p litu d e , d e p e n d s  v e r y  m u c h  
o n  th e  s y m m e tr y  o f  th e  s ta te  in v o lv e d .  It is  e x p e c te d  to  f in d  s ta te s  o f  th e  s a m e  
s y m m e t r y  p e r tu r b e d  to  n e a r ly  th e  s a m e  e x te n t  o r  to  a n  e x te n t  s y s t e m a t ic a l ly  
v a r y in g  fr o m  m a te r ia l to  m a te r ia l. T h e  e x p e r im e n ta l  r e s u lts  a re  fo u n d  to  a g r e e  
w e l l  w it h  th e  c a lc u la t io n  w o r k e d  o u t  b y  B a ssa n i3 fo r  th e  b a n d  s tr u c tu r e  o f  
g e r m a n iu m .
T h e  e f fe c t  o f  h y d r o s ta t ic  p r e s s u r e  is  to  b r in g  th e  a to m s  c lo s e r  to g e th e r , th is  
r e s u lt s  in  a d if fe r e n t  e n e r g y  g a p  fo r  th e  sm a lle r  a to m ic  s e p a r a t io n . A  s m a ll  
c h a n g e  in  la tt ice  c o n s ta n t  Aa w i l l  r e s u lt  in  a  n e w  e n e r g y  le v e l  E  w h ic h  c a n  b e  
a s s u m e d  to  v a r y  l in e a r ly  w ith  a:
E  = E 0 + Ei An  0 --1)
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w h e r e  E 0 i s  th e  e n e r g y  o f  th e  le v e l  a t  z e r o  p r e s s u r e  a n d  E 1 i s  a  c o e f f ic ie n t  
(d if fe r e n t  fo r  d if fe r e n t  le v e ls ) .  T h e  p r e s s u r e  d e p e n d e n c e  o f  th e  e n e r g y  g a p  w i l l  
r e s u lt  in
Eg =  E*e(E lc +  Elv)A« (1 .2 )
w h e r e  E lc a n d  Elv a re  p r e s s u r e  c o e f f ic ie n ts  fo r  th e  e d g e s  o f  th e  c o n d u c t io n  a n d  
v a le n c e  b a n d s  r e s p e c t iv e ly .  A s  d if fe r e n t  v a l le y s  h a v e  d if fe r e n t  c o e f f ic ie n ts  a t  
lu g h  p r e s s u r e s  th e  s e m ic o n d u c to r  m a y  s w it c h  fr o m  b e in g  a  d ir e c t -g a p  to  a n  
in d ir e c t -g a p  m a te r ia l o r  v ic e  v e r sa . In  G a A s  th e  d ir e c t  v a l l e y  o f  th e  c o n d u c t io n  
b a n d  m o v e s  to  a  M g h e r  p o te n t ia l  fa s te r  th a n  th e  in d ir e c t  v a l le y  s o ,  a s  p r e s s u r e  
in c r e a s e s , th e  m a te r ia l e v e n t u a l ly  b e c o m e s  a n  in d ir e c t  s e m ic o n d u c to r .
S e m ic o n d u c to r C o m p r e s s ib i l i t y d E r / d p d E x / d p d E L/ d p
x  10-6 b a r '1 x lO - 6 e v / b a r
S i 1 .0 2 3 .5 -1 .5 1 .2
G e 1 .3 3 14 .0 -1 .5 5 .0
G a P 1 .1 2 11 .0 -1 .0 2 .8
G a A s 1 .25 1 0 .7 -1 .0 2 .8
G aS b 1 .7 7 1 4 .5 -1 .0 5 .0
In S b 2 .1 4 15 .0 -1 .0 5 .0
In A s 1 .72 10 .0 5 .0
Z n T e 2 .3 6 6 .0
C d T e 2 .3 6 8 .0
T a b le  1. S h o w s  th e  e f fe c t  o f  p r e s s u r e  o n  th e  c o n d u c t io n  b a n d  m in im a  r e la t iv e
to  th e  v a le n c e  b a n d  m a x im u m  fo r  s o m e  g r o u p  V  e le m e n ts ,  III-V  a n d  II-V I
c o m p o u n d s .  T h e  ta b le  is  a d a p te d  fr o m  W .P a u l4.
* Eog is  th e  b a n d  g a p  a t z e r o  p r e s s u r e .
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1.2.1 Electrical conductivity.
The electrical conductivity, a, of a semiconductor is given by the equation
w h e r e  n  a n d  p  a re  th e  e le c tr o n  a n d  h o le  d e n s it ie s  a n d , p n a n d  /xp, a re  th e  
e le c tr o n  a n d  h o le  m o b il i t ie s  r e s p e c t iv e ly .
T h e  m o b i l i ty  o f  th e  e le c tr o n s  a n d  h o le s  d e p e n d s  o n  s c a t te r in g  m e c h a n is m s  
s u c h  a s  th e r m a l v ib r a t io n s  o f  th e  la t t ic e  a n d  s c a t te r in g  b y  th e  io n iz e d  
im p u r it ie s .  I f  th e  th e r m a l v ib r a t io n s  o f  th e  la tt ic e  d o m in a te s  th e n  th e  m o b i l i ty  
d e c r e a s e s  w i t h  te m p e r a tu r e  in  a c o m p lic a te d  m a n n e r . A t  m o d e r a te  
te m p e r a tu r e s  th e  g r e a te s t  c o n tr ib u t io n  to  th e  la tt ic e  s c a t te r in g  c o m e s  fr o m  th e  
lo n g it u d in a l  a c o u s t ic  v ib r a t io n s . W h e n  th is  is  th e  c a se  th e n  th e  d e fo r m a t io n  
p o te n t ia l  th e o r y  o f  S h o c k le y  a n d  B a r d e e n 5 a p p lie s  a n d  th e  m o b i l i ty  in  a  m e a n  
p a th  is  g iv e n  b y
w h e r e  p i s  th e  d e n s i t y  o f  th e  m a te r ia l, C  is  th e  a v e r a g e  p h o n o n  v e lo c ity ,  m* is  
th e  e f fe c t iv e  m a s s  o f  th e  ca rr ier  a n d  E x th e  d e fo r m a t io n  p o te n t ia l  w h ic h  is  th e  
c h a n g e  in  e n e r g y  o f  a n  e le c tr o n  o f  th e  b a n d  e d g e  d u e  to  th e  d ila ta t io n  o f  th e  
m a te r ia l. T h e  s c a t te r in g  m o b il i ty ,  th r o u g h  p, C , m* a n d  E t, w i l l  b e  a ffe c te d  b y  
a  p r e s s u r e  c h a n g e , th e  fr a c t io n a l c h a n g e s  in  th e  d e n s i t y  a n d  p h o n o n  v e lo c i t y  
a re  in  th e  r e g io n  o f  lx lO '3 k b a r 1.
a  = e(n /xn + p ^ p) (1.3)
_ 2  ( 2 n )1/2 e h 4 p C 2 
3 (k T )3/2 m *5n E \
(1 .4 )
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T h e  fr a c t io n a l c h a n g e  in  e f fe c t iv e  m a s s  is  a p p r o x im a te ly  e q u a l  to  th e  fr a c t io n a l  
c h a n g e  in  e n e r g y  g a p  fo r  th e  m a te r ia l in  w h ic h  th e  e x tr e m a  in  th e  c o n d u c t io n  
a n d  v a le n c e  b a n d s  o c c u r s  a t  th e  s a m e  w a v e  v e c to r , k , v a lu e .  In  a  s m a ll  b a n d -  
g a p  m a te r ia l a  la r g e  c h a n g e  in  e f f e c t iv e  m a s s  m a y  r e s u lt .  T h e  fr a c t io n a l  
c h a n g e s  in  d ie le c tr ic  c o n s ta n t  are  o f  th e  s a m e  o r d e r  o f  m a g n it u d e  a s  th a t  o f  th e  
m a s s  c h a n g e s  s in c e  b o t h  a re  d ir e c t ly  r e la te d  to  th e  e le c tr o n  e n e r g y . T h e s e  
c h a n g e s  m e a n s  th a t  a  p r e s s u r e  o f  1 0  k b a r  w i l l  r e s u lt  in  a  m o b i l i t y  c h a n g e  in  
th e  o r d e r  o f  a  f e w  p e r c e n t . S in c e  it  is  p o s s ib le  fo r  s e v e r a l  e n e r g y -b a n d  e x tr e m a  
to  b e  c lo s e  to  o n e  a n o th e r  a n d  to  h a v e  d if fe r e n t  p r e s s u r e  c o e f f ic ie n ts ,  a n  
in c r e a s e  in  th e  p r e s s u r e  w i l l  in v e r t  th e  r e la t iv e  p o s i t io n s  o f  th e  t w o  e n e r g y  
m in im a  a n d  h e n c e  th e  ca rr iers  w i l l  c h a n g e  o v e r  fr o m  o n e  m a s s  to  th e  o th e r  
m a s s . T h is  w i l l  s t r o n g ly  a ffe c t  th e  m o b i l i t y  th r o u g h  th e  s u d d e n  c h a n g e  in  th e  
e f fe c t iv e  m a s s .
It i s  t h o u g h t  th a t  th e  in f lu e n c e  o f  h ig h  p r e s s u r e  in  g e n e r a l s h o u ld  d e c r e a s e  th e  
e n e r g y  g a p  b e t w e e n  th e  v a le n c e  b a n d  a n d  th e  c o n d u c t io n  b a n d ;  a s  th e  w a v e -  
f u n c t io n  o v e r la p  in c r e a s e s  w i t h  d e c r e a s in g  in te r a to m ic  s p a c in g . T h is  h a s  b e e n  
f o u n d  e x p e r im e n ta l ly  n o t  to  b e  th e  c a se .
E x p e r im e n ta l o b s e r v a t io n  h a s  s h o w n  th at; in  fa c t, th e  e n e r g y  g a p s  c a n  e ith e r  
d e c r e a s e  o r  in c r e a s e  w i t h  r e s p e c t  to  th e  v a le n c e  b a n d . T h is  v e r y  m u c h  d e p e n d s  
u p o n  th e  ty p e  o f  m in im a  (T , L  o r  X ) o f  th e  c o n d u c t io n  b a n d . A n  e m p ir ic a l  r u le  
fo r m u la te d  b y  P a u l6 s ta te s  th a t  th e  p r e s s u r e  c o e f f ic ie n ts  o f  th e  e n e r g y  
d if fe r e n c e  b e t w e e n  th e  t w o  s ta te s  i s  in d e p e n d e n t  o f  th e  m a te r ia l in  w h ic h  it  is  
m e a s u r e d . T h e  c h a n g e  in  e n e r g y  b a n d  g a p , Eg/ is  r e s p o n s ib le  fo r  c h a n g in g  th e  
n u m b e r  o f  e le c tr o n s  (n ) in  th e  c o n d u c t io n  b a n d  a n d  th e  h o le s  (p )  in  th e  
o t h e r w is e  f i l le d  v a le n c e  b a n d .
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In  a n  in tr in s ic  s e m ic o n d u c to r , n  = p , w h e r e
(1.5)
a n d  w h e r e  N c a n d  N v a r e  th e  e f fe c t iv e  d e n s i t y  o f  s ta te s  fo r  th e  c o n d u c t io n  a n d  
v a le n c e  b a n d  r e s p e c t iv e ly .  T h e  c o n d u c t iv i t y  fo r  a n  in tr in s ic  s e m ic o n d u c to r  
n  = p  i s  th e n  g iv e n  b y
o  = ne(/x„ + p p). (1.6)
F r o m  e q u a t io n s  1 .5  a n d  1 .6
o  = e (N  N v)m  CUn + f t )  e x p ( - — L )  (1-7)
n 2fcT
o r
H o )  = \  M N cN v) + l n ( p a + I mp) - I l + H e )  ■ <L 8 )
D if fe r e n t ia t in g  w it h  r e s p e c t  to  p r e s s u r e  g iv e s
d0no) = 1 N ) + Jn(p,u + (1.9)
dp 2  d p  d p  2 k T  d p
It c a n  b e  s h o w n  th a t  th e  f ir s t  t w o  te r m s  o n  th e  R .H .S  o f  th is  e q u a t io n  r e p r e s e n t  
th e  ra te  o f  c h a n g e  o f  d e n s i t y  o f  s ta te s  o f  th e  c o n d u c t io n  a n d  v a le n c e  b a n d s  a n d  
th e  ra te  o f  c h a n g e  o f  m o b i l i t y  o f  th e  ca rr iers  c a n c e l o n e  a n o th e r  w h e r e  th e
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io n iz e d  im p u r ity  s c a t te r in g  is  m in im a l.
T h e  e x p o n e n t ia l  v a r ia t io n  in  n  a n d  p , w i t h  Eg/ in  th e  e q u a t io n s  c a n  b e  v e r y  
la r g e , s in c e  th e  c h a n g e  o f  Eg w it h  p r e s s u r e  c a n  b e  s e v e r a l  k T , a n d  h e n c e  a  
la r g e  v a r ia t io n  i n  th e  c o n d u c t iv i t y  r e s u lts . S in c e  p r e s s u r e  e f fe c ts  in  a n  in tr in s ic  
s e m ic o n d u c to r  g iv e  a n  a lm o s t  d ir e c t  m e a s u r e  o f  v a r ia t io n  o f  e n e r g y  g a p  w it h  
p r e s s u r e , t h e y  c a n  b e  u s e d  to  d e te r m in e  th e  p r e s s u r e  c o e f f ic ie n ts  o f  d if fe r e n t  
m in im a  v e r y  a c c u r a te ly , s e e  H e r m a n 1 a n d  L a x 7.
T h e r e  is  a ls o  th e  p o s s ib i l i t y  th a t  im p u r it ie s ,  p o in t  d e fe c ts , d is lo c a t io n s  e tc . m a y  
b e  p r e s e n t  w h ic h  e ith e r  d o n a te  e le c tr o n s  to  th e  c o n d u c t io n  b a n d  (d o n o r s )  o r  
a c c e p t  e le c tr o n s  fr o m  th e  v a le n c e  b a n d s  (a c c e p to r s ) . T h e  n u m b e r  o f  e le c tr o n s  
a n d  h o le s  are n o t  e q u a l;  h e n c e ;  th e  c o n d u c t iv i t y  a n d  it s  p r e s s u r e  d e p e n d e n c e  
is  m o r e  s im ila r  to  th a t o f  a  s e m im e ta l .
T h e  in s ta n t  th e  t w o  v a l le y s  c r o s s  th e  e le c tr o n  m o b il i ty  d r o p s  a n d  th e  e le c tr o n -  
h o le  r e c o m b in a t io n  p r o c e s s  b e c o m e s  le s s  e f f ic ie n t . T h e  e f fe c t  o f  a  p r e s s u r e  
c h a n g e  in  th e  e n e r g y  g a p  m a y  a ls o  a ffe c t  th e  p o p u la t io n  o f  th e  c o n d u c t io n  a n d  
v a le n c e  b a n d s , s in c e  th e  c o n c e n tr a t io n  o f  th e  in tr in s ic  ca rr iers  h a s  a n  
e x p o n e n t ia l  d e p e n d e n c e  o n  th e  e n e r g y  ga p :
n 2 = N N  e x p — . ( 1 4 0 )I c V 7  k T
1 .2 .2  O p t ic a l  p r o p e r t ie s .
C o n s e r v a t io n  o f  e n e r g y  a n d  m o m e n t u m  d e m a n d s  th a t  th e  tr a n s it io n s  p r o d u c e d  
b y  p h o t o n s  o c c u r  w it h o u t  c h a n g e  o f  w a v e  v e c to r , /c, ie . d ir e c t  tr a n s it io n s . T h e  
a b s o r p t io n  c o e f f ic ie n t  is  th e n  o f  th e  fo r m
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a(hv) = Aj (hv -  Eg)m  . (1.11)
w h e r e
q 2
Ai « — .
n c h 2m *e
w h e r e  q  is  th e  e le c tr o n  c h a r g e , m*h a n d  m*e, a re  th e  e f fe c t iv e  m a s s e s  o f  th e  h o le  
a n d  e le c tr o n  r e s p e c t iv e ly ,  n  i s  th e  in d e x  o f  re fr a c tio n , c i s  th e  v e lo c i t y  o f  l ig h t  
in  v a c u u m  a n d  h  is  P la n c k 's  c o n s ta n t . I f  th e  d ir e c t  tr a n s it io n , k  = 0 , is  
d is a l lo w e d  b y  s e le c t io n  r u le s  b u t  is  a l lo w e d  a t k  & 0 , th e n  th e  a b s o r p t io n  
c o e f f ic ie n t , a ,  i s  g iv e n  b y
mhme
m ;  + mh e (1.12)
(h v  -  E  )3/2
a  ( h v )  = A  -------- -— I —
h v
(1 .1 3 )
w h e r e
=
m;mh e
\ 5 / 2
m: + m ^ ft e
n c h 2m * m :
(1 .1 4 )
T r a n s it io n s  m a y  a ls o  o c c u r  w it h  e m is s io n  o r  a b s o r p t io n  o f  p h o n o n s .  S u c h  
p h o n o n  a id e d  tr a n s it io n s  a re  im p o r ta n t  w h e n  th e  e n e r g y  e x tr e m a  o f  th e  
c o n d u c t io n  a n d  v a le n c e  b a n d s  o c c u r s  at d if fe r e n t  w a v e  v e c to r ;  th a t  is , it  is  
in d ir e c t . In  th is  c a se  th e  a b s o r p t io n  c o e f f ic ie n t  is  g iv e n  b y  th e  s u m  o f  te r m s  
in v o lv in g  d if fe r e n t  p h o n o n  e n e r g ie s  a n d  in te r m e d ia te  t r a n s it io n  s ta te s . T h e  
in te r m e d ia te  s ta te s  m a y  e ith e r  b e  in  th e  c o n d u c t io n  o r  v a le n c e  b a n d s . In
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s u m m a r y , th e  m o s t  s tr ik in g  e f fe c t  o f  p r e s s u r e  o n  th e  o p t ic a l p r o p e r t ie s  is  th e  
s h if t  in  th e  fu n d a m e n ta l  a b s o r p t io n  e d g e  w h ic h  is  e a s i ly  m e a s u r a b le . A t a n d  
A 2 w i l l  a ls o  c h a n g e  d u e  to  th e  c h a n g e  o f  th e  e f fe c t iv e  m a s s .  C h a n g e s  o f  s h a p e  
o f  th e  a b s o r p t io n  e d g e  a ls o  o c c u r  fo r  in d ir e c t  tr a n s it io n s  b u t  th e s e  a re  m o r e  
c o m p lic a te d  to  in te r p r e t . T h e  a b o v e  d is c u s s io n  r e p r e s e n ts  o n ly  a  f e w  o f  th e  
p r o p e r t ie s  w h ic h  a re  p r e s s u r e  d e p e n d e n t ,  b u t  are c o n s id e r e d  m o s t  r e le v a n t  fo r  
th e  e x p e r im e n ts  to  b e  d is c u s s e d  fu r th e r  in  s e c t io n  2 .
1 .3  T h e  D ia m o n d  A n v i l  H ig h  P r e s s u r e  C e l l .
T h e  D ia m o n d  A n v i l  C e ll  (D A C )  h a s  r e v o lu t io n is e d  h ig h  p r e s s u r e  in v e s t ig a t io n ,  
p a r t ic u la r ly  in  th e  p r e s s u r e  r a n g e  a b o v e  1 0 0  k b a r . It h a s  a ls o  m e a n t  th a t  a  
v a r ie ty  o f  t e c h n iq u e s  a re  n o w  a v a ila b le  to  s t u d y  th e  b e h a v io u r  o f  m a tte r  at  
s u c h  p r e s s u r e s . T h e r e  a re  n u m e r o u s  r e v ie w s  in  th is  a rea  fo r  e x a m p le  
J a y a r a m a n  a n d  B lo c k 8'9. In  th e  e a r ly  d a y s  o f  h ig h  p r e s s u r e  r e s e a r c h  (1 9 1 0 -1 9 5 0 )  
h ig h  p r e s s u r e  c e ll  d e s ig n  w a s  d o m in a te d  b y  th e  B r id g m a n  a n v il  a n d  th e  
p is to n -c y l in d e r  w h ic h  w e r e  p io n e e r e d  b y  P e r c y  B r id g m a n . It w a s  p o s s ib le  to  
o b ta in  1 0 0  k b a r  w it h  th e  p is to n  c e l l  b u t  th e s e  s y s te m s  w e r e  d if f ic u lt  to  c o o l  to  
lo w  te m p e r a tu r e s . It w a s  n o t  u n t i l  1 9 5 9  th a t d ia m o n d  a n v ils  w e r e  
in d e p e n d e n t ly  c o n c e iv e d  b y  J a m ie so n , L a w s o n  a n d  N a c h tr ie b  a t th e  U n iv e r s ity  
o f  C h ic a g o 10 a n d  W e ir  e t  a l11. a t th e  N a t io n a l  B u r e a u  o f  S ta n d a r d s  (N B S ). In  
1 9 6 5  V a n  V a lk e n b u r g 12 in tr o d u c e d  th e  m e ta l g a s k e t  t e c h n iq u e  w h ic h  le d  to  a n  
e v e n  g r e a te r  in c r e a se  in  a v a ila b le  p r e s s u r e s . F o r m a n  e t  a l .13, in  1 9 7 2 , d e v e lo p e d  
th e  r u b y  f lu o r e s c e n c e  te c h n iq u e  fo r  r a p id  p r e s s u r e  c a lib r a tio n , m a k in g  it  e a s ie r  
to  o b ta in  a n  a c c u r a te  p r e s s u r e  v a lu e , a n d , th e  in tr o d u c t io n  o f  n e w  p r e s s u r e  
tr a n s m it t in g  m e d ia , m a d e  u p  o f  a  m e th a n o k e th a n o l m ix tu r e , b y  P ie r m a r in i14 in  
19 7 3 , m a d e  it  p o s s ib le  to  g e n e r a te  p r e s s u r e s  in  e x c e s s  o f  1 0 0  k b ar . S in ce
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th e n , n e w  in n o v a t iv e  d e s ig n s  h a v e  le d  to  th e  g e n e r a t io n  o f  p r e s s u r e s  a b o v e  th e  
m e g a b a r  r e g io n , a t b o t h  lo w  a n d  h ig h  te m p e r a tu r e .
1.3.1 Uses of the DAC.
E x te n s iv e  a d a p ta t io n  o f  th e  D A C  h a s  le d  to  a  v a r ie ty  o f  s tu d ie s ;  e x a m p le s  are  
o p t ic a l  s p e c tr o s c o p y  a t h ig h  o r  l o w  te m p e r a tu r e s , X -r a y  d if fr a c t io n , R a m a n  a n d  
B r il lo u in  s c a tte r in g , e le c tr ic a l m e a s u r e m e n ts :  s u c h  a s  r e s is ta n c e , m o b i l i t y  a n d  
p h o to c o n d u c t iv i ty ,  m a g n e to -o p t ic s ,  a n d  th e  a r e a  o f  g e o p h y s ic s .
1.3.2 Optical spectroscopy.
T h e  tr a n s p a r e n c y  o f  th e  d ia m o n d s  h a s  le d  to  a  g r e a t  d e a l  o f  w o r k  b e in g  
c a r r ie d  o u t  in  th e  a r e a s  o f  a b s o r p t io n , r e f le c t iv ity  a n d  lu m in e s c e n c e ,  ( f ig u r e  2 ). 
T h e  f o l lo w in g  a u th o r s  h a v e  r e p o r te d  w o r k  o n  a b s o r p t io n  a n d  r e f le c t iv ity  
s t u d ie s  u s in g  a  D A C  to  v e r y  h ig h  p r e s s u r e s ,  W e lb e r 15a/b, A d a m s  a n d  S h a r m a 16, 
S y a s s e n  a n d  S o n n e n s c h e in 17 a n d  K o b a y a s h i18. P r e s s u r e  c o e f f ic ie n ts  o f  s e v e r a l  
m a te r ia ls  h a v e  b e e n  o b ta in e d  th is  w a y . F o r  e x a m p le :
G e  -  W e lb e r 15b 
G a A s  -W e lb e r 19 
In P  - M u lle r 20 
C u C  - B a t l o g g 21
In  lu m in e s c e n c e  m o r e  c o m p lic a te d  s tr u c tu r e s , I n G a A s /G a A s  a n d  C d T e /Z n T e  
h a v e  b e e n  s t u d ie d  fo r  e x a m p le  b y  W ilk in s o n 22'23 a n d  P e o p le 24, a n d  P r in s  e t  
a l.25'26.
12
B « ,A I
Window*
SynchrxjtrgQ^lfl 
Rodkition Hj
Pt> x-y (tits
— -_____ „Pb slit*
SSD- Solid State Detector 
PA- Preamplifier 
PUR- Pile-up rejector 
LTC- Live-time corrector 
MCA- Multichannel analyzer
Amp
t’=0 t’=t t’=T
Diamond
-A k-
dt
Diamond
Primary Beam
Figure 3. X-ray set-up used by Baublitz et al.29. The X-ray beam 
was produced from a synchrotron radiation source.
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1.3.3 X-ray.
It w a s  fir st s h o w n  in  195 9  b y  J a m e is o n  a n d  c o  w o r k e r s 27 th a t it w a s  p o s s ib le  to  
d o  X -ra y  d if fr a c t io n  at h ig h  p r e s s u r e  in  a D A C . R e f in e m e n t  o f  th e  D A C  d e s ig n  
o v e r  th e  y e a r s  h a s  m e a n t  th a t  it  is  n o w  p o s s ib le  to  ca rry  o u t  X -r a y  d if fr a c t io n  
u s in g  a n y  ty p e  o f  c e l ls  p r o v id e d  th e  o p t ic a l w in d o w s  h a v e  a s u f f ic ie n t ly  w id e  
a n g le  to  a l lo w  th e  c o l le c t io n  o f  th e  d if fr a c te d  b e a m . T h e  c e l l  is  n o r m a lly  
s e c u r e d  to  th e  d if fr a c tio n  ta b le .
In  1 9 7 7  B u r a s28 w a s  th e  fir st to  u s e  s y n c h r o tr o n  r a d ia t io n  fo r  h ig h  p r e s s u r e  X - 
r a y  d if fr a c t io n . B a u b litz  e t  a l .29 in  1981 d e m o n s tr a te d  th e  e a s e  w it h  w h ic h  it  
c a n  b e  d o n e ,  ( f ig u r e  3). It h a s  a ls o  b e e n  s h o w n  th a t it  is  p o s s ib le  to  u s e  th e  
c o n v e n t io n a l  X -ra y  te c h n iq u e 30 a n d  th e  p o w d e r  te c h n iq u e 31,32.
1 .3 .4  R a m a n  a n d  B r i l lo u in  S c a t te r in g .
T h e  fir st R a m a n  s tu d ie s  a t h ig h  p r e s s u r e  w e r e  ca r r ie d  o u t  b y  B r a sc h 33 a n d  
P a s tm u s 34 in  1968 , b u t  W e in s te in  a n d  P ie r m a r in i35, in  1 9 7 5 , w e r e  th e  fir st to  
r e p o r t  R a m a n  m e a s u r e m e n ts  u s in g  a g a s k e te d  c e ll  w it h  a p r e s s u r e  tr a n s m it t in g  
m e d iu m . T h e y  lo o k e d  a t p h o n o n  fr e q u e n c ie s  in  S i a n d  G a P  a s  a fu n c t io n  o f  
p r e s s u r e . (A s  fo r  th e  X -ra y  e x p e r im e n t  th e  c o n ic a l o p e n in g s  m u s t  b e  la r g e  
e n o u g h  to  a l lo w  sc a tte r e d  l ig h t  to  e m e r g e ) .
LASER
BEAM
C Y L I N D R I C A L
B E A R I N G
SLIT
F ig u r e  4  (a). S c h e m a t ic  o f  a  
s y s t e m  fo r  R a m a n  s c a t te r in g  
s t u d ie s ,  N a k a m u r a  e t  a l.36
^  RAMAN
f j  SPECTROMETER
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Figure 4 (b). Schematic representation of a DAC being used in a 
Brillouin scattering experiment by Whitfield et al.37
15
A  D A C  w a s  f ir s t  u s e d  fo r  B r il lo u in  s c a t te r in g  in  1 9 7 6  b y  W h it f ie ld  e t  a l.37, 
( f ig u r e  4  (b )). T h e y  u s e d  a  M e r r ill-B a sse tt  c e ll  to  s t u d y  N a C l. T h e  sc a t te r in g  
e x p e r im e n ts  e n a b le  th e  m e a s u r e m e n t  o f  s o u n d  v e lo c i t ie s  a s  a  fu n c t io n  o f  
p r e s s u r e , th e  e la s t ic  c o n s ta n ts  c a n  b e  o b ta in e d  fr o m  th e s e  v e lo c i t ie s  o n c e  
d e n s it ie s  a re  k n o w n .
1.3.5 Magneto-Optics.
T h e  e f fe c t  o f  p r e s s u r e  o n  th e  m a g n e to r e s is ta n c e  is  to  c h a n g e  th e  m o b il i ty  
a v e r a g e s  a n d  h e n c e  th e  m a g n e to r e s is ta n c e  c o e f f ic ie n ts . I f  th e  m in im u m  
c o n d u c t io n  b a n d  p o s i t io n  in  th e  k  s p a c e  c h a n g e s  th e r e  w i l l  b e  a  c h a n g e  in  
e f fe c t iv e  m a s s  te n so r . A p p ly in g  a  m a g n e t ic  f ie ld , th e  m a g n e to -o p t ic a l  e f fe c t  
m a y  b e  lo o k e d  at. T h e  a b s o r p t io n  c o e f f ic ie n t  is
“  = X  B „ ( h v  -  E , ) ' m  (1 .1 5 )n
w h e r e  E n = E g +  (n  +  H ) (h w c + t iw v) + (g cw c - g vm v)|3H  
a n d
E g = e n e r g y  g a p  w i t h  n o  f ie ld  a p p lie d  
n  = in te g e r  in d e x  
w c = e H / m cC  
w v = e H / m vC
gc,gv = s p e c tr o s c o p ic  s p l i t t in g  fa c to r s  fo r  c o n d u c t io n , v a le n c e  b a n d s  
m tfm v = to ta l a n g u la r  m o m e n ta  o f  c o n d u c t io n -b a n d  e le c tr o n , v a le n c e -b a n d  h o le  
= g y r o m a g n e t ic  r a t io  
B n = m a tr ix  c o n s ta n t
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T h e  e n e r g y  g a p  c a n  b e  v e r y  a c c u r a te ly  d e te r m in e d . P r e s s u r e  a ffe c ts  th e  
p a r a m e te r s  in  th e  e q u a t io n  fo r  a  in  th e  s a m e  w a y  a s  it  d o e s  w h e n  th e r e  is  n o  
f ie ld , th e  in c r e a s e d  a c c u r a c y  o f  th e  g a p  d e te r m in a t io n  is  tr a n s fe r r e d  to  th e  
p r e s s u r e  c o e f f ic ie n ts . A  s m a ll  n u m b e r  o f  p a p e r s  h a s  b e e n  r e p o r te d  r e c e n t ly ,  
B r in k m a n n 38 lo o k e d  a t th e  l in e w id t h  o f  th e  N M R  o f  7L i a n d  23N a . W ilk in s o n 39 
h a s  lo o k e d  a t th e  p r e s s u r e  c o e f f ic ie n t  o f  C d T e /C d M n T e , a  d i lu t e  m a g n e t ic  
s e m ic o n d u c to r ;  it s  b a n d  g a p  is  d e p e n d e n t  o n  a n  e x te r n a l m a g n e t ic  f ie ld .
1.3.6 Geophysics.
U s in g  a  Y t tr iu m -A lu m in iu m -G a r n e t  (Y A G ) la s e r  it  is  p o s s ib le  to  h e a t  a  s a m p le  
q u ic k ly  to  a b o u t  20 0 0 °C , w i t h  th is ,  it  is  n o w  p o s s ib le  to  s im u la te  th e  e a r th 's  
in te r io r  b y  u s in g  a  D A C . P r e s s u r e s  in  th e  M b a r  r e g io n  a n d  h ig h  te m p e r a tu r e  
a re  n o w  r o u t in e , th is  r e p r e s e n ts  a  d e p t h  a p p r o a c h in g  1 0 0 0 k m . U n fo r tu n a te ly  
a t th is  h ig h  te m p e r a tu r e  it  is  v e r y  d if f ic u lt  to  m e a s u r e  th e  te m p e r a tu r e  
a c c u r a te ly  a n d  to  a  c e r ta in  e x te n t  th e  p r e s s u r e . E v e n  w it h  th is  l im ita t io n  a  
la r g e  n u m b e r  o f  h ig h  p r e s s u r e  g r o u p s  are  c o n d u c t in g  g e o p h y s ic a l  
e x p e r im e n ts 40^ 4.
1.3.7 Electrical measurements.
S e v e r a l a t te m p ts  h a v e  b e e n  m a d e  to  d e s ig n  a  r e lia b le  t e c h n iq u e  to  c a rry  o u t  
e le c tr ic a l m e a s u r e m e n ts  a t h ig h  p r e s s u r e  a n d  a t l o w  te m p e r a tu r e . G r z y b o w s k i  
a n d  R u o ff45 u s e d  a  V a n  d e r  P a u w 's  m e th o d  to  m e a s u r e  r e s is t iv i t y  o f  B a T e  in  
a D A C . T h is  w a s  a c h ie v e d  b y  s p u t t e r in g  th e  e le c tr ic a l le a d s  o n  o n e  fa c e  o f  th e  
d ia m o n d , A120 3 a n d  N a C l w e r e  u s e d  a s  th e  g a s k e t  in s u la t io n . P a te l e t  a l46 
c o a te d  th e ir  p r e in d e n te d  g a s k e t  w it h  s p u t te r e d  A120 3 a n d  a th in  c o a t  o f  e p o x y
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T o  m a k e  e le c tr ic a l c o n ta c ts  to  a  s a m p le , ty p ic a l ly  1 0 0 -1 5 0  p m  in  d ia m e te r , a n d  
to  p r e v e n t  a n  e le c tr ic a l s h o r t  c ir c u it  to  th e  m e ta l  g a s k e t  is  n o t  a n  e a s y  p r o b le m  
to  s o lv e .  C o n s e q u e n t ly  th e r e  is  n o  s ta n d a r d  te c h n iq u e  to  d o  e le c tr ic a l  
m e a s u r e m e n ts .  E x p e r im e n te r s  r o u n d  th e  w o r ld  h a v e  d e v e lo p e d  a  n u m b e r  o f  
t e c h n iq u e s  fo r  th e ir  o w n  n e e d s 47'57. D e s p i t e  th e s e  r e p o r ts  v e r y  l it t le  a c tu a l d a ta  
o b ta in e d  b y  t h e s e  m e t h o d s  h a s  b e e n  p u b lis h e d . T h is  is  d u e  to  u n r e lia b il ity  
a n d  l o w  s u c c e s s  r a te s  in  lo a d in g  e le c tr ic a l c e lls . D e p o s i t in g  m e ta l  o n to  
d ia m o n d s  or  in s u la to r s  o n to  th e  p r e in d e n te d  g a s k e t  is  v e r y  s p e c ia l is e d  w o r k  
w h ic h  r e q u ir e s  s p e c if ic  e q u ip m e n t  w h ic h  is  n o t  e a s i ly  a v a ila b le  to  a n y o n e . In  
o r d e r  fo r  e le c tr ic a l m e a s u r e m e n ts  in  a  D A C  to  b e  a s  r o u t in e  a s  th a t o f  o p t ic a l  
e x p e r im e n ts  a  n u m b e r  o f  p r o b le m s  h a v e  to  b e  s o lv e d ,  in  p a r t ic u la r  im p r o v e d  
e x p e r im e n ta l  r e l ia b il ity  is  e s s e n t ia l  to  g e t  r e p r o d u c ib i l i ty  a n d  d e v e lo p in g  a  
g o o d  te c h n iq u e  th a t c o u ld  b e  a v a i la b le  to  a n y o n e . A c h ie v in g  th is  w o u ld  b e  a  
v e r y  s ig n if ic a n t  d e v e lo p m e n t  a s  v ir tu a l ly  a ll o f  th e  m a in  a r e a s  o f  in te r e s t  fo r  
h ig h  p r e s s u r e  d e s c r ib e d  in  s e c t io n  1 .3 .2  -  1 .3 .6  c o u ld  b e n e f it  fr o m  e le c tr ic a l  
in p u ts .  F or  e x a m p le :  e le c tr o lu m in e s c e n c e , e le c tr o a b s o r p t io n , I-V , C -V  a n d  
D L T S  m e a s u r e m e n ts .  T h is  i s  th e  p r im a r y  a im  o f  m y  P h .D  w o r k .
A  s u m m a r y  o f  th e  p r e s e n t  " sta te-o f-th e-a rt"  is  g iv e n  in  ta b le  2 .
before positioning the sample in the sample cavity.
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Chapter 2.
A survey of the Diamond Anvil Cell.
2.1 The Diamond Anvil Cell (DAC).
T h e  p r in c ip le  o f  th e  D A C  is  s im p le ;  in  e s s e n c e  it  is  b a s e d  o n  th e  fa c t  th a t  i f  a  
fo r c e  is  a p p l ie d  o v e r  a  s m a ll a rea  a  h ig h  s tr e s s  w i l l  r e su lt . T h is  s tr e s s  is  
g e n e r a te d  a c r o s s  th e  g a s k e t  a n d  th e  s a m p le  c a v ity , it  i s  o f  a  h y d r o s ta t ic  n a tu r e  
o r  c lo s e  to  it. S u r r o u n d in g  th e  s a m p le  w i t h  a  p r e s s u r e  tr a n s m it t in g  m e d ia  it  
is  th e n  p o s s ib le  to  tra n sfer  th e  s tr e s s  d ir e c t ly  to  th e  s a m p le . T h e  l im it  o f  
p r e s s u r e  th e  c e ll  c a n  w ith s ta n d  is  d e te r m in e d  b y  th e  a b il i ty  o f  th e  d ia m o n d s ,  
g a s k e t  a n d  th e  d ia m o n d  b a c k in g  p la te s  to  a b so r b  th e  a p p l ie d  s tr e s s . F ig u r e  5  
(a) i l lu s tr a te s  th e  p r in c ip le  o f  th e  D A C .
LOWER
DIAMOND
F ig u r e  5 (a). T h e  s c h e m a t ic  d ia g r a m  o f  th e  D A C  s h o w in g  th e  
b a s ic  p r in c ip le  o f  th e  D A C  d e s ig n .
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DAC designs are usually based on the principle that one diamond is in a fixed 
position whilst the other is moveable, with the gasket and sample in-between. 
Over the years many different designs have evolved. These variations are 
mainly in the way the force generating and the anvil-alignment mechanism 
works. This is illustrated below in figure 5 (b) ( from Dunstan and Spain58).
(a) (b)
Figure 5 (b). The schematic diagrams of two types of cell design showing 
the force and alignment mechanism.
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2.1.1 The Piermarini and Block or NBS Cell (National Bureau of Standard).
Designed by Piermarini and Block59 in 1975 (a modified version of the 1959 
design60). Pressures up to 500 Kbar have been achieved with this DAC. The 
design uses a spring lever arm assembly compressing the Belleville spring 
washers; by turning the screw force is produced. The applied load is 
magnified by a factor of two on being transmitted, via the lever-arm system, 
to the pressure plate, resting against the piston, which is holding one of the 
diamond anvils. The opposing anvil is in a fixed position. The anvils are 
aligned by adjusting the tilting hemispherical diamond mount, with the three 
symmetrically placed adjusting screws, to obtain parallel anvil flats as 
determined by interference fringes. The anvil is approximately V* carat and is 
permanently fixed in a groove in the diamond mount .
We now describe the main types of DAC.
m n
I r a K t S i !
BELLEVILLE
SPRING
WASHERS^.
ADJUSTING
SCREWS
TRANSLATING 
DIAMOND 
MOUNT PLATE-
GASKET-
TILTING- 
DIAMOND 
MOUNT 
HEMISPHERE
EXTENDED' 
PISTON
OIAMOND
ANVILS
SCALE Tern
'PRESSURE PLATE BEARING
PRESSURE PLATE ‘— HEMISPHERE
Figure 6. Cut-out of a Piermarini and Block cell, the force 
is transmitted via the lever arm on compressing the spring washers.
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2.1.2 The Syassen and Holzapfell Cell.
D e s ig n e d  in  1 9 7 7  b y  S y a s s e n -H o lz a p fe l l61 a n d  o p e r a te d  b y  m e a n s  o f  a  th r e a d  
a n d  k n e e  m e c h a n is m . It c o n s is t  o f  t w o  th r e a d e d  r o d s  c o n n e c t in g  th e  fr o n t a n d  
b a c k  s id e s  o f  th e  b r a c k e ts , th e  r o d s  a re  s y n c h r o n o u s ly  tu r n e d  b y  a  s im p le  g e a r  
s e t  w r e n c h . T h e  tu r n in g  r o d s  p u ll  th e  lo w e r  e n d  o f  th e  b r a c k e ts  to g e th e r  a n d  
s im u lt a n e o u s ly  th e  u p p e r  e n d  o f  th e  b r a c k e ts  c o m p r e s s e s  th e  m o v in g  p is t o n  
a n d  g e n e r a te  th e  p r e s s u r e . T h e  d e s ig n  is  s u c h  th a t a  la r g e  fo r c e  m u lt ip l ic a t io n  
g e n e r a te s  a  fo r c e  in  e x c e s s  o f  5 k N  o n  th e  d ia m o n d s . T h e  a l ig n m e n t  is  s im ila r  
to  th a t  o f  th e  N B S  c e ll . T h e  c e ll  c a n  g e n e r a te  p r e s s u r e s  u p  to  5 0 0  k b ar.
F ig u r e  7 . A  c r o s s - s e c t io n  v i e w  o f  th e  S y a s s e n -H o lz a p fe l l  c e l l .  T u r n in g  th e  
th r e a d e d  r o d s  m o v e s  th e  le v e r s  in w a r d s  a n d  th e r e fo r e  c o m p r e s s e s  th e  p is to n .
2 .1 .3  T h e  M e r r il l  a n d  B a s s e t t  C e l l .
T h is  c e l l  w a s  d e s ig n e d  in  1 9 7 4 62 s p e c i f ic a l ly  fo r  s in g le  c r y s ta l  X -r a y  d if fr a c t io n  
s t u d ie s .  Its m a in  s p e c if ic a t io n  is  th a t  it s h o u ld  b e  s m a ll e n o u g h  to  b e  m o u n te d  
o n  a s ta n d a r d  X -ra y  g o n io m e te r  h e a d . T h e r e  is  n o  in d e p e n d e n t  m e c h a n is m  o f  
a l ig n in g  th e  d ia m o n d s  p a r a lle l  to  e a c h  o th e r , a s  fo u n d  in  o th e r  c e lls .  P r e c is io n
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a l ig n m e n t  is  n o t  cr itica l u p  to  2 5  k b a r  w h e n  u s in g  c o m p r e s s ib le  g a s k e ts .  T h e  
p r e s s u r e  is  in c r e a se d  b y  t ig h t e n in g  th e  th ree  s c r e w s  in  s m a ll  in c r e m e n ts  
k e e p in g  th e  s ta in le s s  s te e l  p la te n s  a s  n e a r  p a r a lle l a s  p o s s ib le .  P r e s s u r e s  g r e a te r  
th a n  3 0  k b ar  w o u ld  r e q u ir e  b e t te r  a l ig n m e n t  to  a v o id  d ia m o n d  fa ilu r e s .
F ig u r e  8. M e r r ill-B a sse tt  m in a tu r e  c e ll  fo r  s in g le -c r y s ta l
X -r a y  s tu d ie s .
2 .1 .4  T h e  B a s s e t t  C e il .
T h is  c e l l  w a s  in tr o d u c e d  in  1 9 6 7  b y  W . B a sse tt , T . T a k a h a sh i a n d  P . S to c k 63. 
P r e s s u r e  is  a p p lie d  b y  th r e a d in g  th e  d r iv in g  n u t  g la n d  to  a p p ly  a  fo r c e  o n  to  
th e  d ia m o n d  a n v ils . T w o  s iz e s  o f  a n v i ls  are  u s e d ,  th e  f ix e d  p o s i t io n  a n v il  
n o r m a lly  h a s  th e  la rg er  fa ce  (o n e  h a s  a  fa c e  a p p r o x im a te ly  1 .8  m m  in  d ia m e te r
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j-»----- 1.60 cm— —|
a n d  th e  o th e r  m a y  v a r y  b e t w e e n  0 .2  a n d  0 .6  m m ). T h e  a n v i ls  a re  fa s te n e d  in to  
a g r o o v e  in  th e  r o c k e r s . A lig n m e n t  is  a c h ie v e d  b y  a d ju s t in g  th e  r o c k e r s  to  
p r o v id e  b o th  a n g u la r  a n d  tr a n s la t io n a l m o v e m e n t .  D e p e n d in g  o n  th e  s iz e  o f  
th e  d ia m o n d s  4 0 0  k b a r  h a s  b e e n  a c h ie v e d  b y  J a y a ra m a n 64.
F ig u r e  9. B a s s e t t  c e l l  w i t h  h a lf -c y lin d r ic a l  r o c k e r s  fo r  d ia m o n d  
a lig n m e n t . F o rce  i s  a p p l ie d  to  th e  p is t o n  b y  th r e a d in g  th e  d r iv in g  n u t .
2 .1 .5  T h e  Kobayashi Cell.
T h e  K o b a y a s h i c e ll65 f o l lo w s  th e  b a s ic  d e s ig n  o f  th e  B a s s e t t  c e l l  w i t h  th e  
f o l lo w in g  p o in ts  in  m in d :
a ) T h e  p r e s s u r e  c a n  b e  a p p lie d  a n d  r e le a se d  w it h o u t  d is tu r b in g  th e  
c r y o s ta t  a n d  s a m p le  s y s t e m .
b ) T h e  c e ll  m a y  b e  o p e r a te d  in  its  h o r iz o n ta l  m o d e .
c) T h e  c e ll  c a n  b e  m o u n t e d  in  a  c r y o sta t.
T h e  a b o v e  a re  e a s i ly  a c c o m p lis h e d  b y  in tr o d u c in g  a r e m o te  c o n tr o l p n e u m a t ic  
d r iv e r  u n it  w h ic h  c o n s is t s  o f  a  p a ir  o f  c o a x ia l b e l lo w s  w h ic h  a r e  p r e s s u r iz e d  
w it h  r e g u la te d  h e l iu m  g a s . T h is  is  a n  in -b u ilt  s y s t e m  b u t  c a n  b e  r e p la c e d  w i t h
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a  s im p le r  h a n d  d r iv e n  ty p e . T h e  c e ll  is  m a c h in e d  e n t ir e ly  fr o m  b e r y l l iu m  
c o p p e r  a llo y . O n e  o f  th e  d ia m o n d s  is  f ix e d  o n  to  a  t i l t in g  p la te  a n d  th e  o th e r  
o n  a f ix e d  p la te . T h e  d ia m o n d s  a re  a l ig n e d  b y  th r e e  e q u a l ly  s p a c e d  t i l t in g  
s c r e w s (4 )  a n d  th r e e  f ix e d  sc r e w s (5 ) . T h is  w i l l  g iv e  a v e r t ic a l m o v e m e n t .  T h e  
tr a n s la t io n a l m o v e m e n t  i s  d o n e  b y  fo u r  tr a n s la t in g  s c r e w s (7 ) .  A  p r e s s u r e  o f  
2 6 0  k b a r  at lo w  te m p e r a tu r e  h a s  b e e n  o b ta in e d  w it h o u t  r e m o v in g  th e  c e ll  fr o m  
th e  c r y o s ta t . F o r  lo w  te m p e r a tu r e  th e  c e ll  is  im m e r s e d  in  l iq u id  c o o la n t  o r  
a tta c h e d  to  a c o p p e r  f in g e r  in  th e r m a l c o n ta c t  w it h  th e  r e se r v o ir .
9  IO I I  12 I cm
F ig u r e  10 . C ro ss  s e c t io n  o f  th e  K o b a y a s h i c e l l .  1 , d ia m o n d  a n v ils ;  2 , f ix e d  a n v i l  
m o u n t in g  p la te; 3 , m o v in g  a n v il  m o u n t in g  p la te ; 4 , t i l t in g  s c r e w ;  5 , f ix in g  
sc r e w ; 6 , f ix e d  g r a n d  n u t;  7, t r a n s la t in g  sc r e w ;  8 , k ey ; 9 , v i e w  p o rt; 10 , c e l l  
b o d y ;  11, p is to n ; 12 , n e e d le  b e a r in g ; 13, b e l lo w s  a s s e m b ly ;  1 4 , r e ta in in g  g r a n d  
n u t; 15 , ca p illa ry ; 16 , s u p p o r t  p la te  a n d  tu b e . F o rce  is  a p p l ie d  b y  tu r n in g  th e  
g r a n d  n u t  (14).
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2.1.6 The Mao and Bell Cell.
D e v e lo p e d  in  1 9 7 8  a t  th e  G e o p h y s ic a l  la b o r a to r y  in  W a s h in g to n  b y  M a o  a n d  
B e ll66a. It is  v e r y  s im ila r  to  th e  N B S  c e ll  in  te r m s  o f  th e  B e l le v i l le  s p r in g  lo a d e d  
le v e r -a r m  m e c h a n is m  u s e d  to  g e n e r a te  th e  fo r c e . T h e  a n v i ls  a re  a l ig n e d  b y  
tr a n s la t in g  a n d  t i l t in g  th e  t w o  h a r d e n e d  h a lf  c y lin d e r s . M a o  a n d  B e ll66b 
o b ta in e d  1 .7  M b a r  w i t h  Vz ca ra t b r ill ia n t  c u t  d ia m o n d  a n v ils  w h o s e  c u le t  t ip s  
w e r e  g r o u n d  f la t  o r  b e v e l le d  in  p a r t  to  l o w  a n g le s .  A t  s u c h  h ig h  p r e s s u r e s  it  
is  e s s e n t ia l  th a t  th e  a l ig n m e n t  o f  th e  d ia m o n d  a n v ils  a re  a s  a c c u r a te  a n d  s ta b le  
a s  t h e s e  c a n  b e . T h e  p a ir  o f  d ia m o n d s  a r e  c e n tr e d  a n d  th e n  g lu e d  f ir m ly  to  th e  
f la t  su r fa c e s  o f  th e  h a lf -c y l in d e r s  w i t h  e p o x y  r e s in .
A ll  c e l ls  a n d  le v e r  a s s e m b lie s  a re  m a d e  o f  to o l  s te e l ,  h a r d e n e d  to  R o c k w e ll  C  
5 5 -6 0 , s ta n d a r d  a n d  t u n g s t e n  c a r b id e  h a lf -c y lin d e r s .
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Figure 11. The Mao and Bell cell showing the two lever-arm assembly: 1, 
cylinder; 2, piston; 3, thrust block; 4, fulcrum; 5, lever arm; 6, main body; 7, 
bolt; 8, Belleville spring washer; 9, spring holder. Force is transmitted through 
the lever arm on tightening the bolt (7).
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2.1.7 The Dunstan Cell.
T h is  i s  o n e  o f  th e  s m a lle s t  c e l ls  a v a ila b le , it  m e a s u r e s  o n ly  1 9  m m  d ia m e te r  b y  
2 8  m m  lo n g  a n d  is  m a d e  o f  B e :C u 67. Its  d e s ig n  is  th a t o f  a  p is to n -c y l in d e r  ty p e .  
T h e  b o t to m  d ia m o n d  is  f ix e d  o n  to  a n  a n v i l  p la te (4 )  w h ic h  g iv e s  th e  X -Y  
a d ju s tm e n t  th r o u g h  th r e e  s c r e w s  b y  th e  s id e  o f  th e  c e ll(e ) . T h e  a n v i l  p la te  r e s ts  
o n  th e  b o t to m  p la te (5 )  w h ic h  h a s  t ilt  a l ig n m e n t ,  w it h  r e s p e c t  to  th e  b o d y , b y  
m e a n s  o f  th r e e  s ta n d -o f f  s c r e w s  a n d  th r e e  s e c u r in g  c a p -s c r e w s (c ,d ) .  T h e  
a lig n m e n t  is  ca rr ied  o u t  b y  a d ju s t in g  th e  b o t t o m  a n v il  p la te .
20mm
d b c
F ig u r e  1 2  (a ). T h e  D u n s ta n  d ia m o n d  a n v il  c e l l .  1, to p  p la te ;  2 , p is to n ;  3 , b o d y ;  
4 , a n v il  p la te ; 5 , b o t to m  p la te . L o o k in g  fr o m  th e  b o t to m  o f  s e c t io n  C -C  th e  
h o le s  a re  for: a, t e n s io n  w ir e s ;  b , c la m p  b o lts ;  c, s ta n d -o f f  s c r e w s ;  d , s e c u r in g  
s c r e w s . F ro m  th e s id e  o f  th e  c e ll ,  s e c t io n  A -A  a n d  B-B: e , X -Y  a d ju s tm e n t  a n d  
a n v il  p la te  s e c u r in g  s c r e w s ;  f , p is t o n  g u id e  s c r e w .
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Figure 12 (b). This shows the drive mechanism used for the Dunstan cell.
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T h e  fo r c e  is  ca r r ie d  d o w n  to  th e  c e ll ,  in  th e  c r y o s ta t , b y  u s in g  th e  B o w d e n  
c a b le  p r in c ip le  d e s c r ib e d  b e lo w .
S te e l tu b e s  b u tt  u p  a g a in s t  th e  to p  p la te  a n d  t w o  s ta in le s s  s t e e l  c a b le s  w r a p  
a r o u n d  th e  b a s e  o f  th e  c e ll. S a d d le s  a re  u s e d  a t th e  b o t to m  o f  th e  c e ll, to  a v o id  
sh a r p  b e n d s  in  th e  c a b le . A t  th e  to p  o f  th e  d r iv e  m e c h a n is m  a  h y d r a u lic  r a m  
is  p la c e d  b e t w e e n  th e  th r u s t  p la te  a n d  fr ic t io n  c lip s . A  b a ll  b e a r in g  is  p la c e d  
in  th e  m id d le  o f  th e  th r u s t  p la te  s o  th a t, w h e n  th e  r a m  p u s h e s  o n to  it  a n d  
p u l ls  o n  th e  w ir e s ,  a n  e v e n ly  d is tr ib u te d  fo r c e  i s  a p p lie d  a c r o ss  th e  in d e n ta t io n  
o f  th e  g a s k e t  b y  th e  d ia m o n d s .  A n  im p o r ta n t  fe a tu r e  o f  th e  c e l l  is  th a t p r e s s u r e  
c a n  b e  c h a n g e d  w i t h  th e  c e ll, in s id e  th e  c r y o s ta t , a t l o w  te m p e r a tu r e . P r e s s u r e s  
in  e x c e s s  o f  1 0 0  k b a r  h a v e  b e e n  o b ta in e d  w it h  th is  c e ll. A ll  th e  w o r k  ca r r ie d  
o u t  d u r in g  th is  P h .D . h a s  b e e n  u s in g  th e  D u n s ta n  c e ll. T h e  r e s u lts  o f  th e  
e le c tr ic a l f e e d th r o u g h  t e c h n o lo g y  c a n  b e  e a s i ly  tr a n sfe r r e d  to  o th e r  D A C  
d e s ig n s .
2.2 The gasket.
T h e  m o s t  im p o r ta n t  d e v e lo p m e n t  in  th e  e v o lu t io n  o f  th e  D A C  a s  a  q u a n t ita t iv e  
t o o l  fo r  h ig h  p r e s s u r e  r e se a r c h  w a s  th e  in tr o d u c t io n  o f  th e  g a s k e t  b y  V a n  
V a lk e n b u r g 12 in  1 9 6 5 . T h e  b a s ic  s h a p e  o f  a  g a s k e t  is  s h o w n  b e lo w ,  t h o u g h  
th e r e  a re  s l ig h t  v a r ia t io n s  a n d  t h e s e  a re  m a in ly  in  th e  d e ta i le d  s h a p e  o f  th e  
s a m p le  c a v ity .
T h e  g a s k e t  i s  p r e p a r e d  b y  f ir s t  in d e n t in g  a  p ie c e  o f  m e ta l  o f  s ta r t in g  th ic k n e s s  
b e t w e e n  0 .2 5  to  0 .5  m m  to  a  th ic k n e s s  o f  a p p r o x im a te ly  9 0  f i m .  T h e  m e ta l  m a y  
b e  in c o n e l ,  s ta in le s s  s te e l ,  w a s p a l lo y  o r  b e r y l l iu m  a llo y . A  h o le  o f  d ia m e te r  
b e t w e e n  2 0 0  a n d  3 0 0  f i m ,  is  d r il le d  a t th e  c e n tr e  o f  th e  in d e n ta t io n . T h e  g a s k e t  
is  s e a te d  o n  to p  o f  th e  lo w e r  d ia m o n d  a n d  th e  s a m p le , to g e th e r  w it h  th e
35
DIAMOND
Figure 13 (a). Two typical shape gaskets, the first one is more suited for
absorption experiments.
Upper diamond
Figure 13 (b). Cross-section of the gasket used by Mao and Bell600 
(A) outer diameter of bevel; (B) flat surface; 0, bevel angle.
pressure gauge, which may be ruby, are placed in the hole. With the other 
diamond on the other side the hole is then filled with a pressure transmitting 
medium before a small pressure is applied to seal the cavity. Apart from 
providing sample containment the gasket also provides support to the anvils, 
by preventing failure due to the concentration of stress, at the edge of the anvil 
faces. Further details of the theory of the gasket can be found from Dunstan68 
and from Schroeder and Webster69.
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2.3 Pressure media.
T h e r e  a re  a n u m b e r  o f  f lu id s  w h ic h  h a v e  b e e n  s u c c e s s f u ly  u s e d  o v e r  th e  y e a r s .  
T h e  t y p e  o f  m e d ia  fa ll  in to  t w o  c a te g o r ie s . F irst, th e  e a s y  to  u s e ,  w h e r e  n o  
s p e c ia l  a p p a r a tu s  is  r e q u ir e d  a n d  th e  s e c o n d , w h e r e  s o m e  fo r m  o f  c r y o g e n ic  
s y s t e m  is  n e e d e d .
In  ta b le  3  s o m e  o f  th e  k n o w n  m e d ia  a n d  th e ir  p r o p e r t ie s  h a v e  b e e n  c o m p ile d .
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Table 3. T h is  s h o w s  a ll th e  p r e s s u r e  tr a n s m it t in g  m e d ia  w h ic h  h a v e  b e e n  u s e d  
u p  to  d a te .
Pressure
medium
Freezing 
Pressure 
at RT 
(kbar)
Pressure
Range
(kbar)
Method of 
loading
References
M e th a n o l:E th a n o l
1:1
104* ~  2 0 0 E a s y  f i l l in g P ie r m a r in i  
B lo c k  a n d  
B a r n e tt14
4:1
M e th a n o l:E th a n o l  
W a te r  16:3:1
145* ~  2 0 0 E a s y  f i l l in g F u jish ir o 70
H e 1 1 8 > 6 0 0 C r y o g e n ic  o r  
h ig h  p r e s s u r e  
lo a d in g  
n e e d e d
B e ll  &  
M a o 71
N e 4 7 1 6 0 it ti
A r 12 9 0 it ii
n 2 2 4 1 3 0 ii L eS a r  e t  a l72
5 9 ii N ic o l  e t  a l73
H 2 5 7 > 6 0 0 ii B e ll &
M a o 74
X e 3 0 0 C o o lin g  
b e lo w  1 6 5  I< 
n e e d e d
L ie b e n b e r g 75
* G la s s  T r a n s it io n  p r e s s u r e
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Chapter 3
3.1 Introduction.
M u c h  s u c c e s s  h a s  b e e n  a c h ie v e d  w it h  o p t ic a l  m e a s u r e m e n ts  in  a  D A C , it  is  
th e r e fo r e  lo g ic a l  th a t  th e  n e x t  c h a l le n g e  s h o u ld  in v o lv e  th e  in tr o d u c t io n  o f  
e le c tr ic a l f e e d th r o u g h s  in to  th e  ce ll.
W h ils t  th e  fa b r ic a t io n  o f  o h m ic  c o n ta c ts  o n to  s e m ic o n d u c to r  d e v ic e s  f o l lo w s  
a r e a s o n a b ly  s ta n d a r d  p r o c e s s ,  th e  m a n u fa c tu r in g  o f  o h m ic  c o n ta c ts  o n to  
s e m ic o n d u c to r  m a te r ia l o n ly  3 0  p m  th ic k  fo r  a  D A C  is  m o r e  s p e c ia l is e d  a n d  
n o t  r o u t in e . T h is  a lso  a p p l ie s  to  th e  g a s k e t  in s u la t io n . In  o r d e r  to  fa c ilita te  
e le c tr ic a l m e a s u r e m e n ts  in  th e  D A C  th e  le a d s  o f  th e  s a m p le  m u s t  b e  to ta l ly  
i s o la te d  e le c tr ic a lly  fr o m  th e  m e ta l  g a s k e t . T h e r e  a re  th r e e  p o s s ib le  w a y s  o f
a c h ie v in g  th is: 1) u s e  o f  in s u la te d  w ir e s ,
2 )  in s u la te  th e  g a s k e t ,  
a n d  3 ) m a k e  th e  g a s k e t  o u t  o f  a n  in s u la to r .
T h e  s e c o n d  r o u te  w a s  c h o s e n  a n d  th is  c h a p te r  w i l l  d e s c r ib e  th e  e x p e r im e n ta l
t e c h n iq u e s ,  th e  a p p a r a tu s  w e  h a v e  u s e d  a n d  d e v e lo p e d  a n d  th e  s t e p s  w e  h a v e  
ta k e n  to  a c h ie v e  e le c tr ic a l f e e d th r o u g h s  in to  th e  D A C .
3.2 Electrical contacts to semiconductor samples.
T h e  d im e n s io n  o f  th e  d ia m o n d  a n v il  c u le t  th a t w e  h a v e  u s e d  is  ty p ic a l ly  a b o u t  
7 0 0  p m  d ia m e te r  a n d  th e  d ia m e te r  o f  th e  g a s k e t  h o le  is  a p p r o x im a te ly  3 0 0  p m .
Our experimental procedures.
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T h e  s a m p le  s iz e  m u s t  b e  a b o u t  1 5 0  x  1 5 0  x  4 0  p m ,  a l lo w in g  fo r  s o m e  r e d u c t io n  
o f  th e  g a s k e t  h o le  d ia m e te r  u n d e r  p r e s s u r e . A t ta c h in g  c o n ta c t  le a d s  to  s a m p le s  
o f  t h e s e  d im e n s io n s  in v o lv e s  g r e a t  d if f ic u lt ie s ,  th o u g h , s e v e r a l  m e t h o d s  h a v e  
b e e n  s u c c e s s f u l ly  e m p lo y e d ,  fo r  e x a m p le , th e  u s e  o f  p h o to r e s is t  to  d e v e lo p  th e  
c o n ta c t  p a d s , s p u t t e r in g  m e ta l  le a d s  o n to  o n e  o f  th e  d ia m o n d s ,  o r  in  th e  
a p p lic a t io n  o f  V a n  d e  P a u w 's  m e t h o d  to  m e a s u r e  th e  r e s is t iv i t y  b y  u s in g  fo u r  
e le c tr ic a l le a d s  s p u t te r e d  to  th e  fa c e  o f  o n e  d ia m o n d .
I n  o r d e r  to  o b ta in  s u c c e s s f u l  e le c tr ic a l m e a s u r e m e n ts  th r e e  p r o b le m s  m u s t  b e  
o v e r c o m e  w h e n  m a k in g  th e  f e e d th r o u g h .
i) T h e  e le c tr ic a l c o n t in u it y  m u s t  b e  m a in ta in e d  in  th e  w ir e  a t h ig h  
p r e s s u r e .
ii)  S h o r t c ir c u it in g  t h r o u g h  th e  g a s k e t  m u s t  b e  a v o id e d .
iii)  C o n ta c ts  m u s t  b e  m a d e  to  a  v e r y  s m a ll  s a m p le .
T h e s e  p r o b le m s  c a n  b e  o v e r c o m e  b y  th e  f o l lo w in g  c o n s id e r a t io n s .
i) T h e  u s e  o f  r o u n d e d  d ia m o n d  c u le t  e d g e s  o r  d o u b le  b e v e l  e d g e s  
to  p r e v e n t  th e  s e v e r in g  o f  th e  w ir e .
ii)  I n s u la t in g  th e  w ir e  fr o m  th e  g a s k e t  b y  u s in g  in s u la to r s  s u c h  a s  
A120 3, p h o to r e s is t  o r  e p o x y  res in ; t h o u g h  a  p r o b le m  m a y  s t i l l  b e  
p r e s e n t  d e p e n d in g  o n  th e  b r e a k d o w n  v o lt a g e  o f  th e  in s u la to r .
i ii)  C o n ta c ts  o n to  a  s m a ll  s a m p le  c a n  b e  o v e r c o m e , i f  th e  e q u ip m e n t  
fo r  d e p o s i t in g  s m a ll  m e ta ll ic  p a d s  o n to  th e  s a m p le s  a re  a v a ila b le .
T h e  c e l l  u s e d  in  a ll  o f  th is  w o r k  is  o f  a  D u n s t a n  d e s ig n  w i t h  r o u n d e d  c u le t  
d ia m o n d s ,  f ig u r e  1 2  (a). It h a s  th e  a d v a n ta g e  o f  h a v in g  th e  lo a d  d ir e c t ly  
a p p l ie d  o n to  th e  d ia m o n d s  a s  o p p o s e d  to  u s in g  th e  t i l t -a l ig n m e n t  m e c h a n is m .
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T h is  r e s u lts  in  th e  u s e  o f  m u c h  s m a lle r  a d ju s tm e n t  s c r e w s  fo r  a lig n m e n t . T h is  
c e ll  i s  m a d e  o f  B e C u  a n d  h a s  a  19  m m  d ia m e te r . Its  s iz e  a n d  d e s ig n  m a k e s  it  
v e r y  e a s y  to  h a n d le  d u r in g  o p e r a t io n . T h is  p e r m its  th e  e x p e r im e n te r  to  c h a n g e  
th e  p r e s s u r e  w it h o u t  r e m o v in g  th e  c e ll  fr o m  th e  c r y o s ta t , o r  fr o m  th e  p o s i t io n  
it  is  c la m p e d  to , a n d  to  c o n d u c t  th e  e x p e r im e n t  w i t h  th e  c e ll , e ith e r  v e r t ic a lly  
o r  h o r iz o n ta l ly ,  w i t h  o n ly  v e r y  m in o r  m o d if ic a t io n s  to  th e  s e t -u p .
3.3 Cell alignment
T h e  s e le c t io n  o f  th e  d ia m o n d s  is  o f  a  p a r a m o u n t  im p o r ta n c e . T h e y  m u s t  b e  
fr e e  o f  m e c h a n ic a l  f la w s .  T h e y  m u s t  a ls o  h a v e  a  f la t  a n v i l  s u r fa c e  b e c a u s e  
d ia m o n d s  a re  v e r y  s t r o n g  in  c o m p r e s s io n  in  c e r ta in  d ir e c t io n s  w h i l s t  v e r y  
w e a k  in  t e n s io n  o r  s h e a r  in  o th e r s . P r o v id e d  th e  co r r e c t c r ite r ia  h a s  b e e n  
f o l lo w e d ,  in  th e  c e ll  d e s ig n ,  it  h a s  b e e n  s u g g e s t e d  th a t  th e  m a x im u m  a l lo w a b le  
p r e s s u r e  is  th e n  d e te r m in e d  o n ly  b y  th e  c u le t  d ia m e te r (d ) . D u n s t a n 76 h a s  p u t  
fo r w a r d  a n  in v e r s e  sq u a r e  r e la t io n s h ip :
p- (GPfl) = ( T 7  • ( 3 ' 1 }'  max/
T h e  d ia m e te r  (d ) o f  th e  c u le t  is  in  m m .
In  p r a c tic e , to  a l lo w  a  m a r g in  o f  s a fe ty ,  a  m a x im u m  p r e s s u r e  o f  0 .8 P max is  u s e d .  
B e fo r e  p u t t in g  th e  c e ll  t o g e th e r  i t  is  a p p r o p r ia te  to  w a s h  th e  c o m p o n e n ts  in  
a c e to n e  a n d  in  a n  u ltr a -s o n ic  b a th  to  r e m o v e  a n y  g r e a s e  o r  d ir t , a s  th is  m a y  
a ffe c t  th e  d ia m o n d  a lig n m e n t . T h e  a n v i l  p la te , to  w h ic h  th e  d ia m o n d  h a s  to  
b e  f ix e d , is  s e c u r e ly  fa s t e n e d  o n to  a  p u r p o s e  b u ilt  j ig  w i t h  th e  d ia m o n d  lo o s e  
o n  to p . T h e  j ig , w i t h  th e  d ia m o n d , w a s  p la c e d  u n d e r  a  m o n o c u la r  tr a v e l l in g
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m ic r o s c o p e  w i t h  l ig h t  i l lu m in a t in g  fr o m  b e lo w . T h e  x - y  th u m b  s c r e w s  o f  th e  
j ig  w e r e  u s e d  to  a c c u r a te ly  p o s i t io n  th e  c u le t  e d g e s  w i t h in  th e  o p t ic a l  a c c e s s  
h o le ,  (th e  d ia m e te r  o f  th e  a c c e s s  h o le  b e in g  s l ig h t ly  la r g e r  th a n  th a t o f  th e  
c u le t) .
T h e  d ia m o n d  is  t h e n  g lu e d  to  th e  p la te  w i t h  c y a n o -a c r y la te  g lu e .  Q u ic k  s e t t in g ,  
R a p id e  A r a ld ite , g lu e  is  p la c e d  a r o u n d  th e  d ia m o n d  fo r  e x tr a  s tr e n g th ;  th is  is  
o n ly  a te m p o r a r y  m e a s u r e , s in c e  th e  a d h e s io n  o f  a n y  g lu e  to  th e  d ia m o n d  a n d  
B e C u  su r fa c e s  i s  n o t  v e r y  s tr o n g . T h e  s a m e  p r o c e d u r e  is  ca r r ie d  o u t  to  s e c u r e  
th e  o th e r  a n v i l  to  th e  p is to n . T h e  g u id e  p in s  w e r e  th e n  p r e s s e d  in to  th e  g u id e  
h o le s .  T h e  c o n d u c t in g  p in s  w e r e  in s u la te d , b y  th r e a d in g  it th r o u g h  0 .9  m m  
d ia m e te r  P T F E  s le e v in g  tu b e , s in c e  th e  p in  d ia m e te r  is  s l ig h t ly  la r g e r .  
M o ly b d e n u m  d is u lp h id e  m a y  b e  u s e d  a s  a lu b r ic a n t  d u r in g  th r e a d in g . W ith  
r e fe r e n c e  to  c h a p te r  2  a n d  f ig u r e  1 2  (a ), th e  a n v i l  p la te  (4 ) w a s  in s e r te d  in to  
th e  c y l in d e r  w it h  th e  s tr a ig h t  s id e s  o p p o s in g  th e  s c r e w s  (e ) . T h e  h e ig h t  
a d ju s tm e n t  o f  th e  b o t t o m  p la te  (5) w a s  ca r r ie d  o u t  u s in g  th e  s ta n d -o f f  s c r e w s  
(e ). I n s e r t in g  th e  p is t o n  in to  th e  c y l in d e r  u s in g  s c r e w , f, a s  th e  g u id e ,  th e  t w o  
a n v ils  c a n  th e n  b e  f u l ly  a l ig n e d . O b s e r v in g  th e  a n v i ls  v ia  th e  s id e  h o le s ,  it  w a s  
p o s s ib le  to  a d ju s t  th e  p o s i t io n  o f  th e  c u le t s  w i t h  th e  x - y  a d ju s tm e n t  s c r e w s  (e )  
s o  th a t  th e  fa c e s  a re  c lo s e ly  m a tc h e d ;  i .e . th e  fa c e s  o n  to p  o f  e a c h  o th e r .  
V ie w in g  th e  c e l l  in  a n  u p -r ig h t  p o s i t io n ,  th r o u g h  th e  o p t ic a l  h o le ,  th e  (c ) a n d  
(e ) s c r e w s  w e r e  f in e ly  a d ju s te d  to  o b ta in  s e t s  o f  c o lo u r  fr in g e s .  T h e s e  in d ic a te  
h o w  p a r a lle l  th e  d ia m o n d  fa c e s  a re  to  e a c h  o th e r .
A t  a ll  t im e s  d u r in g  th e  a l ig n m e n t  p r o c e s s  th e  fa c e s  m u s t  b e  k e p t  fr e e  o f  d ir t  
o r  g r e a s e . C o t to n  s w a b s  m o is t e n e d  w it h  a c e to n e  w e r e  u s e d  to  c le a n  th e  fa c e s .
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3.4 Gasket.
T h e  d if f ic u lty  in  p e r fo r m in g  e le c tr ic a l m e a s u r e m e n ts  w i t h  a  D A C  l ie s  in  
f in d in g  a  g a s k e t  m a te r ia l w h ic h  h a s  a  h ig h  s tr e n g th , w h ic h  i s  c o m p a r a b le  to  
s te e l ,  a n d  b e in g  a n  e le c tr ic a l in s u la to r . T w o  s o lu t io n s  to  th is  p r o b le m  h a v e  
e m e r g e d .
1) T o  m a k e  th e  g a s k e t  o u t  o f  a n  in s u la to r  s u c h  a s  M g O , M y la r , m ic a  
o r  a  p o ly m e r  f i lm . T h e s e  m a te r ia ls  h a v e  b e e n  u s e d  s u c c e s s f u ly  b y  th e  
f o l lo w in g  p e o p le ,  W a l l in g  a n d  F erra ro 77, M a o  a n d  B e ll78, S a k a i e t  a l.79 a n d  
R e ic h lin 80.
2 ) T h e  a lte r n a t iv e  a p p r o a c h  is  to  u s e  a  h ig h  t e n s i le  m e ta l  s u c h  a s  
s ta in le s s  s te e l ,  B e r y ll iu m  a l lo y  o r  I n c o n e l (M a c a v e i81). O f  c o u r s e  i f  m e ta l  is  
u s e d  th e n  a n  in s u la t in g  la y e r  m u s t  b e  a p p lie d , th is  c a n  b e  in  th e  fo r m  o f , fo r  
e x a m p le , a  th in  la y e r  o f  c e r a m ic , s u c h  a s  A120 3, o r  a n  e p o x y  r e s in . M o s t  o f  th e  
e le c tr ic a l e x p e r im e n ts  b e in g  c a r r ie d  o u t  t o d a y  u s e  th e  s e c o n d , m e ta l  w i t h  a n  
in s u la to r , te c h n iq u e ;  e x a m p le s  o f  th e  u s e  o f  s u c h  a  t e c h n iq u e  are  Y u 82, 
G o n z a le z 83 a n d  H e m m e s 84.
T h e  g a s k e t , a p a r t fr o m  p r o v id in g  a  c h a m b e r  fo r  th e  p r e s s u r e  tr a n s m it t in g  
m e d ia  a n d  th e  s a m p le , a ls o  p r o v id e s  s u p p o r t  to  th e  a n v i ls  e s p e c ia l ly  i f  it  is  
p r e in d e n te d . S q u a r e  s h e e t s  o f  0 .5  m m  th ic k  o r d in a r y  s ta in le s s  s t e e l  w e r e  c u t  
a n d  d r il le d  a t t w o  o p p o s i t e  e n d s  fo r  th e  g u id e  p in s . T h e  c o r n e r s  o f  th e  g a s k e ts  
w e r e  th e n  d r il le d  o u t  w i t h  a  2 .5  m m  d r ill to  p r o v id e  a  c le a r  s p a c e  fo r  th e  
p r o tr u d in g  c o n d u c t in g  p in s .
T h e  g a s k e ts  w e r e  s h a p e d  to  f it  w it h in  th e  p is t o n  a n d  a  lo c a t io n  m a r k  w a s  
m a d e  a t th e  e d g e  o f  th e  u p p e r s id e  o f  th e  g a s k e t  o p p o s in g  th e  g r o o v e  o f  th e  
p is to n . T h is  is  v e r y  im p o r ta n t  a s  th e  g a s k e t  is  r e q u ir e d  to  a c t  a s  a  p e r fe c t  s e a l  
a n d  s o  th e  c u le t  n e e d s  to  f it  in s id e  th e  in d e n ta t io n  p e r fe c t ly .
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U s in g  a  p a ir  o f  r o u n d e d  e d g e  d ia m o n d s  th e  c e ll  w a s  a s s e m b le d  a n d  a  lo a d  
w a s  a p p lie d  in  s t e p s  o f  2 0 0  l b s / i n 2, a t e a c h  in te r v a l;  th e  lo a d  w a s  a p p lie d  in  
s m a ll  s te p s  w i t h  a  r e d u c t io n  to  z e r o  b e t w e e n  th e m . T h is  w a s  a  p r e c a u t io n  to  
p r o te c t  th e  d ia m o n d  fr o m  b r e a k in g . T h e  g a s k e t  w a s  r e m o v e d  a fter  e a c h  
in te r v a l to  m e a s u r e  th e  th ic k n e s s  a c h ie v e d ;  fu r th e r  t h in n in g  w a s  c a rr ied  o u t  
in  o r d e r  to  o b ta in  a  f in a l  th ic k n e s s  o f  a r o u n d  9 5  p m .  A t  e a c h  r e m o v a l  th e  
d ia m o n d s  w e r e  r e c h e c k e d  fo r  a lig n m e n t . A  g a s k e t  h o le  o f  3 0 0  p m  w a s  th e n  
d r il le d  u s in g  a  s m a ll  s ta b i l iz e d  d r i l l in g  m a c h in e  f it te d  w i t h  a n  x - y  m o u n t  a n d  
a m ic r o s c o p e . T h e  h o le  s h o u ld  b e  a s  c e n tr a l a s  p o s s ib le ,  t h o u g h  th is  i s  n o t  s o  
cr it ic a l a s  lo n g  a s  th e  c e ll  a l ig n m e n t  is  g o o d . E x c e s s  b u r r s  r o u n d  th e  h o le  w e r e  
r e m o v e d  u s in g  a  la r g e r  d r ill  s iz e .  F in a lly  th e  g a s k e t  w a s  th o r o u g h ly  c le a n e d  
b e fo r e  in s u la t in g .
3.5 Gasket insulating.
A r a ld ite  w a s  c h o s e n  a s  th e  in s u la to r , a s  o p p o s e d  to  p h o to r e s is t  o r  A120 3, 
s im p ly  b e c a u s e  it  i s  e a s ie r  to  w o r k  w ith ,  m in im a l  p r e p a r a t io n  is  n e e d e d ,  a n d  
it  i s  e a s i ly  a c c e s s ib le . T h e r e  a re  n u m e r o u s  t y p e s  o f  A r a ld ite  d e p e n d in g  o n  th e  
r e q u ir e d  p r o p e r t ie s , th e  o n e s  w e  h a v e  u s e d  a re  R a p id e  A r a ld ite  a n d  a  th r e e  
c o m p o n e n t  ty p e  m a d e  u p  o f  A r a ld ite  (M Y 7 5 0 ), A c c e le r a to r  (D Y 0 6 3 ) a n d  
H a r d e n e r  (H Y 9 0 5 ). T h e  g a s k e t  w a s  s e c u r e ly  fa s te n e d  to  th e  r o ta t in g  ta b le  o f  
a, P r e c im a , s p in n e r , w i t h  d o u b le  s id e d - s t ic k y  ta p e , a n d  th e  A r a ld ite  m ix tu r e  
w a s  s p u n  o n to  th e  g a s k e t .
T h e  p r e p a r a t io n  c o n d it io n s  are  s u m m a r is e d  in  ta b le  4 .
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T a b le  4 . A  s u m m a r y  o f  th e  A r a ld ite  m a k e -u p  a n d  p r e p a r a t io n  c o n d it io n s .
Name of mixture Mixing ratio Electric strength
Rapide Araldite
9 -1 2  M V / m  w h e n  
h a r d e n e d
A r a ld ite 1
H a r d e n e r 1
3 part Araldite
1 0 -1 2  M V / m  w h e n  
h a r d e n e d
A r a ld ite  M Y 7 5 0 5 0
H a r d e n e r  H Y 9 0 5 5 0
A c c e le r a to r  D Y 0 6 3 1
Name of mixture Spin rate 
r.p.m
Spin time 
(minutes)
Curing 
temperature °C
Curing 
time hrs
R a p id e  A r a ld ite 1 0 ,0 0 0 3 R T 1 5
3  p a r t A r a ld ite 4 ,5 0 0 1 1 2 0 2
2 ,0 0 0 1 12 0 2
T h e  th ic k n e s s  o f  th e  in s u la to r  i s  d e p e n d e n t  o n  th e  s p in n e r  r e v o lu t io n s  p e r  
m in u te  (r .p .m ) a n d  th e  v i s c o s i t y  o f  th e  e p o x y .  T h e  e le c tr ic  s tr e n g th  v a r ie s  
a c c o r d in g  to  th e  a c c u r a c y  o f  th e  c u r in g  te m p e r a tu r e . O n c e  th e  A r a ld ite  h a s  
h a r d e n e d  th e  A r a ld ite  f i l l in g  th e  g a s k e t  h o le  w a s  d r il le d  o u t  u s in g  a  s m a lle r  
d r ill w i t h  a  d ia m e te r  b e t w e e n  2 0 0 -2 5 0  p m .  C a re  w a s  ta k e n  s o  th a t  a  s m a ll  
la y e r  o f  in s u la to r  w a s  s t i l l  le f t  a r o u n d  th e  e d g e  o f  th e  h o le .
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IT w o  o th e r  ty p e s  o f  in s u la to r  w e r e  o b ta in e d  fr o m  O x fo r d  In s tr u m e n ts :  G E  lo w -  
te m p e r a tu r e  V a r n is h  a n d  a n  E p o x y  R e s in  A d h e s iv e .  T h e  r e a s o n  fo r  tr y in g  
th e s e  n e w  in s u la to r s  is  b e c a u s e  it  i s  c la im e d  b y  th e  m a n u fa c tu r e  to  h a v e  g o o d  
r e s is ta n c e  to  r e p e a te d  th e r m a l c y c l in g  a n d  s o  th e y  m ig h t  b e  m o r e  s u ita b le  fo r  
l o w  te m p e r a tu r e  e x p e r im e n ts .
Table 5 . A  s u m m a r y  o f  th e  p r e p a r a t io n  o f  th e  n e w  ' lo w  te m p e r a tu r e ' r e s in .
3.5.1 Oxford Instruments insulator.
Name Ratio of mixture Curing
schedule
Viscosity
(poises)
G E  L o w  
T e m p e r a tu r e  V a r n is h
C o m e s  in  o n e  
p a r t
15  m in s  a t 2 5  °C 1 0 4 6
E p o x y  R e s in  
A d h e s iv e
a d h e s iv e :h a r d e n e r  
2:1 b y  v o lu m e
2  h rs  a t 1 2 0  °C 6 0 -8 0
B e c a u s e  th e  v is c o s i t y  i s  s o  h ig h  it  m e a n t  th a t  it  w a s  n o t  p r a c t ic a l to  r e m o v e  th e  
v o id s .  F o r  th e  E p o x y  R e s in  A d h e s iv e  v o id s  in  th e  a d h e s iv e  w e r e  p e r m a n e n t ly  
tr a p p e d  b e c a u s e  it w a s  s o  v is c o u s .  In  th e  c a s e  o f  th e  v a r n is h , it  h a r d e n s  w it h in  
15  m in u te s .
3.6 Sample preparation.
H a v in g  c h o s e n  a  g a s k e t  h o le  d ia m e te r  o f  3 0 0  p m  a n d  to ta l th ic k n e s s  o f  th e  
in d e n ta t io n  a n d  in s u la to r  o f  a p p r o x im a te ly  9 5  p m ,  t h e n  th e  s a m p le  s iz e  h a s  to  
b e  a  lo t  sm a lle r , t y p ic a l ly  3 0  p m  in  th ic k n e s s  a n d  7 5  x  1 5 0  ju,m in  s h a p e .
47
T h in n in g  h a s  to  b e  c a r r ie d  o u t  b e fo r e  e v a p o r a t in g  th e  c o n ta c t  p a d s  o n to  th e  
s a m p le .
S e m i in s u la t in g , (SI), G a A s  m a te r ia l w a s  u s e d  in it ia l ly  to  g a in  e x p e r ie n c e , i t  
c a n  e a s i ly  b e  th in n e d  w it h  th e  a id  o f  a  p is t o n  m a c h in e d  w i t h  a  3 0  p m  g r o o v e d  
o n  it s  s u r fa c e  a n d  c le a v e d  a lo n g  th e  n a tu r a l c le a v a g e  p la n e s  (1 0 0 ) w it h  a  sh a r p  
s c a lp e l.
P la c in g  th e  m a te r ia l in  th e  p is t o n  g r o o v e  fa c e  d o w n ,  ie  a c t iv e  r e g io n  fa c e  d o w n  
fo r  th e  b a c k  to  b e  r e m o v e d , h o t  th e r m o -s e t t in g  w a x  s u c h  a s  p a r a ff in  w a x  w a s  
u s e d  to  h o ld  th e  s a m p le  in  p la c e . T h e  th in n in g  p r o c e s s  w a s  ca r r ie d  o u t  u s in g  
a  s o a p  w a te r  lu b r ic a n t  o n  3 p m  p a r t ic le  s iz e  A lu m in iu m  O x id e  la p p in g  f i lm , 
w it h  a  c ir c u la r  m o v e m e n t ,  t i l l  th e  s a m p le  w a s  f lu s h  w it h  th e  j ig . T h e  f la k e  w a s  
r e m o v e d  fr o m  th e  j ig  w it h  tr ic h lo r o e th y le n e , it w a s  fu r th e r  w a s h e d  w it h  
a c e to n e  a n d  m e th a n o l.  T o  r e m o v e  a n y  r e m a in in g  s o lv e n t  r e s id u e  th e  f la k e s  
w e r e  w a s h e d  in  a  r e f lu x  c o n d e n s e r  w i t h  I so  P r o p y l A lc o h o l  (IP A ) fo r  a  f e w  
h o u r s . A lu m in iu m  c o n ta c t  p a d s  w e r e  e v a p o r a te d  b y , f ir s t , g lu in g  th e  c le a v e d  
G a A s  s a m p le s  w i t h  c y a n o -a c r y la te  g lu e  o n to  a p ie c e  o f  w a s t e  s i l ic o n  a n d  th e n  
th e  s i l ic o n  o n to  c o p p e r  s tr ip -b o a r d . W ir e s  o f  a p p r o x im a te ly  3 0  p m  d ia m e te r  
w e r e  e m p lo y e d  a s  m a s k s  fo r  th e  p a d  s e p a r a t io n . T h e  w ir e s  w e r e  p o s i t io n e d  s o  
th a t  t h e y  w e r e  p a r a lle l  a n d  p e r p e n d ic u la r  to  th e  c le a v e d  e d g e s .  T h e  s a m p le  
b o a r d  w a s  p la c e d  a b o v e  th e  t u n g s t e n  h e l ix  f i la m e n t  o f  th e  e v a p o r a to r . A fte r  
e v a p o r a t io n  th e  s a m p le s  w e r e  r e m o v e d  b y  d i s s o lv in g  th e  g lu e  w i t h  a c e to n e  
a n d  w a s h in g  w it h  IP A . T o  o b ta in  a g o o d  b o n d  c o n ta c t  a d h e s io n ,  a  0 .5  p m  
th ic k  la y e r  o f  A l w a s  u s e d  fo r  th e  c o n ta c t  p a d s .
T h e  f la k e s  w e r e  th e n  s tu c k  o n to  p ie c e s  o f  s i l ic o n  w a fe r s  w i t h  w h it e  w a x  a n d  
t h e n  o n to  a  p u r p o s e  b u ilt  h e a d e r . W h ite  w a x  w a s  u s e d  a s  o p p o s e d  to  p a r a ff in  
w a x  b e c a u s e  o f  its  s u p e r io r  h a r d n e s s  w h e n  se t.
T h e  K u lic k e  &  S o ffa  m o d e l  W  2 6 0 A  u ltr a -s o n ic  b o n d in g  m a c h in e  w a s  u s e d  to
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b o n d  a lu m in iu m  w ir e s  o f  2 5  p m  d ia m e te r  o n to  th e  s a m p le s ,  w i t h  th e  m a s k e d  
l in e  s e p a r a t in g  th e  b o n d  p a d s . It w a s  v e r y  im p o r ta n t  th a t  th e  p r e s s u r e  e x e r te d  
o n  th e  w ir e  b y  th e  b o n d in g  w e d g e  is  c o r r e c t  in  o r d e r  to  o b ta in  a f ir m  a n d  
r e lia b le  b o n d . T h is  b o n d e r  w a s  u s e d  in  p r e fe r e n c e  to  a  th e r m a l b o n d e r  a s  th e  
c o n ta c t  fo o tp r in t  i s  sm a lle r , it  is , in fa c t , n o t  m u c h  w id e r  th a n  th e  d ia m e te r  o f  
th e  w ir e  u s e d .
T h e  m a c h in e  w o r k s  o n  a  t w o  s ta g e  c y c le  c o n s is t in g  o f  t w o  b o n d s  a n d  e a c h  
s ta g e  h a s  its  o w n  th u m b  s c r e w  ( ' le v e l  s e a r c h  a d ju s tm e n t')  fo r  th e  le v e l  c o n tr o l  
o f  th e  b o n d in g  a rm . D u r in g  th e  s e c o n d  s ta g e  c y c le  th e  b o n d e r  s e v e r s  th e  w ir e  
a t th e  b o n d  p o in t  a u to m a t ic a lly , h e n c e  th e  s e q u e n c e  o f  th e  b o n d in g  is  cr itica l. 
T o ta k e  a d v a n ta g e  o f  th e  s e v e r in g  th e  f ir s t  b o n d  w a s  ta k e n  a s  fa r  a w a y  fr o m  
th e  m a s k e d  l in e  a s  p o s s ib le .  O n  a c t iv a t in g  th e  fir st h a lf  o f  th e  s e c o n d  s ta g e  th e  
w e d g e  w a s  d r o p p e d  o n to  th e  s a m p le , th e  x - y  r o ta t in g  h e a d  w a s  th e n  
m a n o u v e r e d  s o  th a t th e  w e d g e  r e s te d  n e a r  th e  l in e  o f  p a d  s e p a r a t io n . T o  
p r e v e n t  th e  s a m p le  fr o m  d a m a g e  d u r in g  th e  p o s it io n in g ,  th e  w e d g e  w a s  l i f t e d  
fr o m  th e  su r fa c e  w it h  th e  m a n u a l  h a n d  le v e r . P r io r  to  th e  b o n d in g  th e  
a lig n m e n t  o f  th e  w ir e  u n d e r  th e  w e d g e  w a s  c h e c k e d , th e  w ir e  b e n e a th  th e  
w e d g e  m u s t  b e  in  th e  m id d le  o f  th e  t ip . I l l  T r ic h lo r e th a n e  p r o v e d  to  b e  m o s t  
e f fe c t iv e  in  d i s s o lv in g  th e  w h it e  w a x . T h e  b o n d e d  f la k e s  w e r e  im m e r s e d  in  a  
p e tr i d is h  o f  d e io n is e d  w a te r  a n d  w e r e  c le a v e d  to  th e  r ig h t  d im e n s io n s  w i t h  
th e  sh a r p  t ip  o f  a  s u r g ic a l  s c a lp e l  b la d e  u n d e r  a m ic r o s c o p e .
It m u s t  b e  s tr e s s e d  h e r e  th a t  th e  a c t iv e  su r fa c e  o f  th e  f la k e s  m u s t  b e  fr e e  o f  
g r e a s e  o r  a n y  u n n a tu r a l s u b s ta n c e  o r  th e  e v a p o r a te d  m e ta l  w i l l  n o t  a d h e r e  a n d  
th e n  p e e l in g  w i l l  b e  a lm o s t  c e r ta in  to  ta k e  p la c e  d u r in g  th e  b o n d in g ,  o r  d u r in g  
th e  c le a v in g . In  th e  c le a v in g  s ta g e  it  is  im p o r ta n t  th a t  th e  A l  d o e s  n o t  p e e l  o f f  
a s  it  i s  n e e d e d  to  p r o v id e  m e c h a n ic a l  s tr e n g th  to  th e  b o n d  a s  w e l l  a s  e le c tr ic a l  
c o n ta c ts .
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Figure 14. The purpose built header used during the bonding.
3.6.1 Sample handling.
T h is  is  p r o b a b ly  th e  m o s t  d if f ic u lt  s ta g e  o f  th e  w h o le  e x p e r im e n t;  th e r e  a re  a  
v a r ie ty  o f  t e c h n iq u e s  w h ic h  h a v e  b e e n  s u c c e s s fu l ly  tr ie d . T h e  s u c c e s s  ra te  
u lt im a te ly  d e p e n d s  o n  th e  im p r o v is a t io n  o f  th e  in d iv id u a l .  F ig u r e  15  s h o w s  
th e  to o ls  u s e d  fo r  s u c c e s s fu l  h a n d lin g . T h e  fir st s te p  w a s  to  c h o o s e  t w o  
c o n d u c t in g  p in s  o u t  o f  th e  fo u r  (fr o m  th e  p is to n );  a d ia g o n a l  s e le c t io n  is  
a d v is a b le .  F o r  s u c c e s s fu l  e le c tr ic a l f e e d th r o u g h  th e r e  m u s t  b e  a  c o n t in u ity  in  
th e  w ir e  u n d e r  c o m p r e s s io n . A l ig n in g  th e  d ia m o n d s  s u c h  th a t th e  r o u n d e d  
e d g e s  a t th e  b o t to m  o f  th e  in d e n ta t io n  d ir e c t ly  o p p o s e  th e  c o n d u c t in g  p in s  
r e d u c e s  th e  d if f ic u lty  in v o lv e d  in  th e  h a n d lin g . T h e  s a m p le  w a s  p la c e d  w it h
f in e  tw e e z e r s ,  o v e r  th e  g a s k e t  h o le  a n d  th e  w ir e  o v e r  th e  p in s ;  a  d r o p  o f  h ig h ly  
c o n d u c t in g  s i lv e r  d a g  w a s  t h e n  u s e d  to  s e c u r e  o n e  s id e  o f  th e  s a m p le . It is  
im p o r ta n t  th a t  th e  a c t iv e  s id e  o f  th e  s a m p le  fa c e s  u p w a r d s .  A  s m a ll  k in k  w a s  
e s ta b l is h e d  b e t w e e n  th e  p in  a n d  s a m p le  w it h  th e  n e e d le  to  p r o v id e  s o m e  
s la c k n e s s . T h e  t ip  o f  th e  n e e d le  w a s  g e n t ly  lo w e r e d  o n  th e  w ir e  n e a r  th e  
s a m p le , th e  w ir e  w a s  c a r e fu lly  c a r e s s e d  s o  th a t th e  s a m p le  ju s t  s a t  o n  to p  o f  
th e  h o le  a t th e  b o t to m  o f  th e  in d e n ta t io n . U s in g  th e  t w e e z e r s  a n d  th e  n e e d le  
th e  u n s e c u r e d  w ir e  w a s  th e n  g e n t ly  s h a p e d  s u c h  th a t  it  t o u c h e d  th e  p in , a g a in  
a n  e le m e n t  o f  s la c k n e s s  m u s t  b e  in tr o d u c e d  b e fo r e  s e c u r in g . A n y  e x c e s s  w ir e  
w a s  t h e n  c u t  o f f  w i t h  a  sh a r p  b la d e .
T h e  r u b y  g a u g e  w a s  p r e p a r e d  b y  c r u s h in g  a c h ip  o f  r u b y  in  a  p e s t le  a n d  
m o r ta r , a  d r o p  o f  w a te r  w a s  a ls o  a d d e d . T h e  b e s t  c h ip  in  te r m s  o f  s iz e  w a s  
s e le c te d  b y  fir s t  s c r a p in g  th e  b o t to m  o f  th e  m o r ta r  w i t h  a  f in g e r  a n d  w ip in g  
it  o n  a  s h e e t  o f  f i lte r  p a p e r . T h e  c h ip  w a s  th e n  p ic k e d  u p  b y  e le c tr o s ta tic  
a ttr a c t io n  w i t h  th e  a id  o f  a  n e e d le  a n d  g e n t ly  d e p o s i t e d  in  th e  h o le  n e x t  to  th e  
s a m p le . T h e  m a lle a b le  w ir e  m a y  b e  u s e d  to  p u s h  it  in  th e  h o le  i f  r e q u ir e d . T h e  
c e ll  b o d y  w a s  lo w e r e d  o n to  th e  p is t o n  a n d  s e c u r e d  in  p la c e  w i t h  th e  g u id e  
s c r e w . A  c h e c k  fo r  c o n d u c t io n  w a s  th e n  ca rr ied  o u t . T h e  c e ll  i s  n o w  r e a d y  to  
b e  lo a d e d .
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Figure 15. A  ty p ic a l  s e t  o f  t o o ls  th a t  m a y  b e  n e e d e d ;  a  g r o o v e d  p is to n ,  
a  p a ir  o f  tw e e z e r s ,  s c a lp e l ,  a  p ie c e  o f  s tr ip e d  e le c tr ic a l c a b le , a n d  a  n e e d le .
3.7 Pressure calibration.
T h e  m o s t  c o m m o n  m e t h o d  o f  m e a s u r in g  p r e s s u r e  is  w i t h  th e  r u b y  
lu m in e s c e n c e  s c a le . F ig u r e  1 6  (a) r e p r e s e n ts  th e  p h o t o lu m in e s c e n c e  
e x p e r im e n ta l  s e t  u p  to  m e a s u r e  th e  lu m in e s c e n c e  o f  r u b y . R u b y  h a s  t w o  
f lu o r e s c e n c e  p e a k s , Rj a n d  Rjj, a t 6 9 4 .2  n m  a n d  6 9 2 .7  n m  a t 0  k b a r  a n d  3 0 0 °K  
r e s p e c t iv e ly .  T h e s e  p e a k s  s h if t s  w i t h  p r e s s u r e  to  a  h ig h e r  w a v e le n g t h ,  s e e  
F o r m a n 13 a n d  B a r n e tt85; th e  s h if t  is  0 .3 6 5  n m  p e r  G P a  ( lG P a  = 1 0  k b a r) a n d  is  
l in e a r  u p  to  2 0 0  k b a r . A n o th e r  m e t h o d  o f  p r e s s u r e  c a lib r a t io n  is  to  m e a s u r e  
th e  s h if t  in  th e  d ir e c t  b a n d  g a p  o f  th e  s e m ic o n d u c to r  its e lf . T h is  m e t h o d  h a s  
th e  a d v a n ta g e  o f  h a v in g  a  m u c h  g r e a te r  ra te  o f  c h a n g e  o f  e n e r g y  w it h
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p r e s s u r e , g iv in g  ty p ic a l ly  a  s h if t  o f  10  n m /k b a r  in  th e  r e g io n  o f  in te r e s t .  
F ig u r e  16  (b) s h o w s  a  ty p ic a l  r u b y  s p e c tr u m  ta k e n  in  a  c e l l  s e c u r e d  w i t h  th e  
c la m p  b o lts .
3.7.1 Pressure transmitting media.
N u m e r o u s  l iq u id s  a n d  s o l id s  s u c h  a s  P la s te r  o f  P a r is  (C a S o 4), s te a t ite  f la k e s 82, 
e p o x y  r e s in 86, A120 3, h a v e  b e e n  tr ie d  in  th e  p a s t  w h ic h  e x h ib it  s o m e  so r t  o f  
h y d r o s ta t ic  c h a r a c te r is t ic s  u n d e r  p r e s su r e ;  s e c t io n  2 .3  o f  c h a p te r  2  s h o w s  a  
s u m m a r y  o f  th e  l iq u id  m e d ia  a v a ila b le .
A  c o m m o n ly  u s e d  m ix tu r e  i s  th e  m e th a n o l-e th a n o l  c o m b in a t io n  in  th e  r a tio  o f  
1:1 d e v is e d  b y  P ie r m a r in i11, w h ic h  r e m a in s  h y d r o s ta t ic  to  1 0 0  k b a r  a t r o o m  
te m p e r a tu r e  b u t  is  n o t  r e c o m m e n d e d  fo r  u s e  a t  l o w  te m p e r a tu r e s  a s  it  f r e e z e s  
a n d  d o e s  n o t  tr a n sm it  p r e s s u r e  u n ifo r m ly . S u n d q u is t87 u s e d  a  1:1 m ix tu r e  o f  
n -  a n d  is o -  p e n ta n e , th is  m ix tu r e  w o r k s  w e l l  a t r o o m  te m p e r a tu r e  a n d  u p  to  
10  k b a r . T h e  m o s t  c o n v e n ie n t  m e d ia , to  g iv e  a  g r e a te r  r a n g e  o f  u s e ,  a re  th e  
r a r e -g a s  s o l id s  s in c e  t h e y  r e ta in  lo w  s h e a r -s tr e n g th  e v e n  a t l o w  te m p e r a tu r e . 
A r g o n  is  th e  m o s t  w id e ly  u s e d  o n e , B e ll a n d  M a o 64, t h o u g h  H e l iu m  is  
c o n s id e r e d  to  b e  th e  m o s t  id e a l  b u t  th e  m o s t  d if f ic u lt  to  h a n d le .  F o r  th is  w o r k  
w e  h a v e  u s e d  b o th  p e n ta n e  a n d  A r g o n .
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Ar Ion laser
 — ----------- iiiiiii......
Figure 16 (a). T h e  p h o t o lu m in e s c e n c e  e x p e r im e n ta l  s e t  u p  u s e d  in  o u r  w o r k
to  m e a s u r e  th e  p r e ssu r e .
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F ig u r e  1 6  (b ). T h is  s h o w s  a  r u b y  sh if t  o f  0 .6 2  n m . T h is  s h if t  r e p r e s e n ts  a  
p r e s s u r e  o f  17  kbar. R u b y  at 0  k b ar  (a), r u b y  u n d e r  p r e s s u r e  (b ).
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3.7.2 Pentane loading.
T w o  d if fe r e n t  ty p e s  o f  c o m p r e s s in g  m e d ia  w e r e  u s e d ;  p e n ta n e  a n d  a r g o n . F or  
th e  p e n ta n e  m e d iu m  th e  p is t o n  w a s  g e n t ly  l i f te d  a n d  p la c e d  in  a b e a k e r  o f  
p e n ta n e , e n o u g h  p e n ta n e  w a s  u s e d  s u c h  th a t it  c o v e r e d  th e  g a s k e t . T h e  
c y lin d e r  w a s  c a r e fu lly  lo w e r e d  a n d  s u f f ic ie n t  fo r c e  w a s  a p p l ie d  to  s e a l  th e  
p e n ta n e  in to  s a m p le  h o le .  T h is  m e th o d  o f  lo a d in g  w a s  c h o s e n , a s  o p p o s e d  to  
th e  u s e  o f  a  s y r in g e , b e c a u s e  w h e n  f i l l in g  th e  h o le  th e  c y l in d e r  h a s  to  b e  
q u ic k ly  s lo t te d  in  p la c e  b e fo r e  th e  p e n ta n e  f lo w s  o u t  fr o m  u n d e r  th e  g a sk e t . 
A ls o  w e  f o u n d  th e  d is a d v a n ta g e  o f  u s in g  a  s y r in g e  is  th a t  th e  p e n ta n e  
e v a p o r a te s  to o  q u ic k ly , h e n c e  l e a v in g  n o t  e n o u g h  t im e  to  s e a l  th e  h o le  a n d  
b u b b le s  c r e a te d  b y  th e  fa l l in g  d r o p le t s  c a n  d is lo d g e  th e  s a m p le  a n d  w a s h  th e  
r u b y  a w a y . A ls o , th is  m a k e s  it  d if f ic u lt  to  c o n tr o l th e  p o s i t io n  o f  th e  s a m p le  
d u r in g  th e  lo a d in g .  B y  im m e r s in g  th e  p is t o n  in  p e n ta n e  a n o th e r  c h ip  o f  r u b y  
c a n  b e  a d d e d  q u ic k ly  i f  r e q u ir e d  a n d  th e  s a m p le  c a n  e a s i ly  b e  r e p o s it io n e d  
w it h  th e  h e lp  o f  a  w ir e .
S e c u r in g  th e  t w o  c la m p  b o lt s  is  s u f f ic ie n t  to  g e n e r a te  e n o u g h  p r e s s u r e  to  s e a l  
th e  c e ll. A s  m e n t io n e d  e a r lier , th e  m e c h a n ic a l  p r o p e r t ie s  o f  A r a ld ite  d e p e n d s  
o n  th e  h a r d n e s s  o f  th e  s e t  A r a ld ite  a n d  th is  in  tu r n  d e p e n d s  o n  th e  c u r in g  
c y c le . T h e  c u r in g  te m p e r a tu r e  r a n g e  w a s  fo u n d  to  b e  e x tr e m e ly  n a r r o w  a n d  
th e  p r o p e r t ie s  v e r y  te m p e r a tu r e  d e p e n d e n t .  A ls o  th e  f r e s h n e s s  o f  th e  m ix e d  
c o m p o u n d s  is  cr itica l; d e c o m p o s it io n  a fte r  m ix in g  is  a lw a y s  p r e s e n t  s o  a  fr e sh  
m ix tu r e  m u s t  b e  u s e d  w h e n e v e r  r e q u ir e d . A  m a jo r  p r o b le m  w h ic h  a r o s e  w i t h  
th is  m e th o d  w a s  th e  s o f t e n in g  o f  th e  A r a ld ite , b y  th e  p e n ta n e , w h ic h  c a u s e d  
th e  w ir e  to  s l ic e  t h r o u g h  th e  in s u la to r  r e s u lt in g  in  sh o r t in g .
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3.7.3 Argon loading.
T h e  n e x t  s ta g e  w a s  to  tr y  a g a in  lo a d in g  w it h  a r g o n . T h e  c e ll  w a s  a s s e m b le d  
s u c h  th a t  th e  d ia m o n d s  s e a te d  o n ly  l ig h t ly  o n  th e  g a sk e t;  th is  g a v e  s u f f ic ie n t  
s p a c e  fo r  th e  f lo w  o f  a r g o n  in to  th e  h o le . T h e  c y lin d e r  a n d  p is t o n  w e r e  s e c u r e d  
in  p la c e  b y  th e  p is t o n  g u id e  s c r e w . T h e  c e ll  w a s  th e n  g e n t ly  p o s i t io n e d  in  th e  
d r iv e  m e c h a n is m . C a re  m u s t  b e  ta k e n  a s  it  is  v e r y  e a s y  to  lo s e  th e  r u b y  c h ip  
u n d e r  th e  g a s k e t  a t  th is  s ta g e . T h e  s a m p le  w a s  c h e c k e d  fo r  e le c tr ic a l  
c o n d u c t iv i t y  b y  a p p ly in g  a  v o l t a g e  a c r o ss  it  a n d  m e a s u r in g  th e  cu r r e n t u n d e r  
i l lu m in a t io n . A  f in a l c h e c k  o n  th e  p o s i t io n  o f  th e  s a m p le  w a s  c a r r ie d  o u t  w i t h  
th e  u s e  o f  th e  m ic r o s c o p e . I d e a l ly  th e  s a m p le  s h o u ld  b e  in  th e  m id d le  o f  th e  
h o le .
S e c u r in g  th e  c e ll  a n d  th e  d r iv e  m e c h a n is m  in  th e  a r g o n  lo a d in g  tu b e , a ir  w a s  
p u m p e d  o u t  o f  th e  s y s te m , s e e  f ig u r e  17 . T h e  a r g o n  w a s  in tr o d u c e d  a t a  
p r e s s u r e  o f  1 0 0  p .s .i .  to  h e lp  c o n d e n s a t io n ;  th e  p r e s s u r e  c a n  b e  v a r ie d  b y  
a d ju s t in g  th e  v a lv e  o f  th e  g a s  b o t t le . T h e  tu b e  w a s  d ip p e d  in  l iq u id  n itr o g e n  
u n t i l  th e  a r g o n  l iq u e f ie s .  T h is  c a n  b e  d e te r m in e d  b y  c lo s in g  v a lv e  (a), i f  th e  
p r e s s u r e  g a u g e  s h o w s  n o  c h a n g e  th e n  l iq u e fa c t io n  h a s  f in is h e d .
T h e  c e ll  is  n o w  s u r r o u n d e d  b y  a r g o n  a n d  a  lo a d  o f  6 0 0  p .s .i .  o n  th e  h y d r a u lic  
g a u g e  w a s  a p p lie d  to  c lo s e  th e  c e ll. It w a s  th e n  v e n te d  a n d  f in a l ly  le f t  fo r  a  
le a s t  h a lf  a n  h o u r , fo r  it  to  e q u il ib r a te  to  r o o m  te m p e r a tu r e , b e fo r e  t e s t in g  fo r  
e le c tr ic a l c o n d u c t iv ity .  T h is  g a v e  th e  A r a ld ite  s u f f ic ie n t  t im e  fo r  i t  to  r e tu r n  to  
i t s  n o r m a l s tr e n g th  a s  a t th e  b o i l in g  p o in t  o f  a r g o n  (8 7 .3  K ) th e  A r a ld ite  
h a r d e n s  a n d  c a n  crack . O b s e r v a t io n  o f  th e  s a m p le  a n d  g a s k e t  h o le  w i l l  in d ic a te  
w h e t h e r  a s u c c e s s fu l  lo a d  h a s  ta k e n  p la c e .
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3.8 Evaporating contacts onto the gasket
T h e  s a m e  in s u la t in g  r e c ip e  w a s  u s e d  e x c e p t  th e  c u r in g  t im e  w a s  d o u b le d . T w o  
g o ld  c o n ta c t  p a d s  w e r e  e v a p o r a te d  o n to  th e  in su la to r . T h is  w a s  m a d e  p o s s ib le  
b y  m a s k in g  th e  g a s k e t  in  th e  m id d le  a n d  th e  e d g e s .  T h e  w id t h  s e p a r a t in g  th e  
t w o  p a d s  w a s  s l ig h t ly  w id e r  th a n  th a t  o f  th e  d ia m e te r  o f  th e  h o le .  W ir e s  w e r e  
u s e d  to  c o n n e c t  th e  p a d s  to  th e  p in s . A  c o n d u c t in g  p a th  w a s  a c h ie v e d  b y  th e  
d ia m o n d  c o m p r e s s in g  th e  s a m p le  le a d s  o n to  th e  g o ld  p a d s . A s  lo n g  a s  th e  
p a d s  d o  n o t  b r e a k  u p  d u r in g  th e  c o m p r e s s io n  t h e n  c o n t in u it y  w i l l  a lw a y s  b e  
m a in ta in e d . It w a s  f o u n d  a b s o lu te ly  c r it ic a l to  g e t  th e  in s u la to r  th ic k n e s s  r ig h t  
s in c e  i f  i t  is  to o  th ic k  th e r e  w i l l  b e  a g r e a te r  f lo w  o f  A r a ld ite  d u r in g  
c o m p r e s s io n  a n d  th e  g o ld  la y e r  w i l l  b e  a ffe c te d , w i t h  th e  p o s s ib i l i t y  o f  
te r m in a t in g  th e  c o n t in u ity . If th e  la y e r  is  to o  th in  t h e n  s h o r t in g  m a y  o c c u r .  
U n fo r tu n a te ly ,  o b ta in in g  th e  r ig h t  th ic k n e s s  is  s o m e w h a t  a  m a tte r  o f  tr ia l a n d  
error. T h e  r u b y  c h ip  w a s  a d d e d  to  th e  h o le  b e fo r e  th e  s a m p le  w a s  p la c e d .
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(S bors)
F ig u r e  17 . S c h e m a tic  o f  th e  c r y o g e n ic  lo a d in g  a p p a r a tu s  u s e d  fo r  th e  
D u n s ta n  c e ll, ( fr o m  I L S p a in  a n d  D  J D u n s ta n 88).
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3.9 The "new" insulator.
T o  im p r o v e  th e  r e lia b il ity  o f  th e  e le c tr ic a l c e l l  fu r th e r  w e  h a d  to  m a k e  s o m e  
fu r th e r  d e v e lo p m e n t s ,  e s p e c ia l ly  to  th e  in s u la to r . T h is  in v o lv e d  th e  u s e  o f  
a n o th e r  ty p e  o f  A r a ld ite , a  t w o  c o m p o u n d  m ix tu r e  ( A r a ld ite  C Y  1301 G B  a n d  
H a r d e n e r  H Y  1 3 0 0  G B ), in  w h ic h  th e  c u r in g  te m p e r a tu r e  r a n g e  w a s  n o t  to o  
n a r r o w  a n d  h e n c e  is  le s s  t e m p e r a tu r e  d e p e n d e n t .  O n e  p o s s ib le  p r o b le m  w h ic h  
h a d  n o t  b e e n  c o n s id e r e d  e a r lie r  i s  th e  e f fe c t  o f  v o id s  o n  th e  m e c h a n ic a l  
s tr e n g th . O n c e  th e  t w o  c o m p o u n d s  h a v e  b e e n  m ix e d  th e  m ix tu r e  h a s  to  b e  
u s e d  w it h in  t w o  h o u r s  a s  th is  m ix tu r e  h a r d e n s  v e r y  q u ic k ly .
A  s u m m a r y  o f  th e  s t e p s  ta k e n  is  s h o w n  b e lo w  in  ta b le  6.
Table 6. T h is  s h o w s  th e  m ix tu r e  r a t io s  a n d  th e  c u r in g  s c h e d u le  th a t  is  n e e d e d  
to  g iv e  th e  o p t im u m  p r o p e r t ie s . T h e  25°C  c u r in g  o v e r n ig h t  im p r o v e s  th e  
e le c tr ic  s tr e n g th s  fr o m  13  to  1 4  M V /m .
Name Ratio of mixtures* Electric strength
A r a ld ite  C Y 1301  G B 33 1 2 - 1 4 M V /m
H a r d e n e r  H Y  1 3 0 0  G B 1 0 0
* b y  w e ig h t  o r  v o lu m e
RPM Spin time Curing temperature
1 0 ,0 0 0 3 0  s e c o n d s 2 5  °C  fo r  2 4  h o u r s  
th e n  1 0 0  °C fo r  1 h o u r
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A s  m a n y  v o id s  w e r e  r e m o v e d  a s  p o s s ib le  b o th  fr o m  th e  in d iv id u a l  
c o m p o n e n t s  b e fo r e  a n d  t h e n  a fter  m ix in g . T h is  w a s  d o n e  b y  p la c in g  th e  
c o m p o n e n t s  in  a  v a c u u m  c h a m b e r  a n d  p u m p in g  fo r  3 0  m in u t e s  o r  u n t i l  m o s t  
o f  th e  v o id s  a re  e v a c u a te d . A l t h o u g h  n o t  to ta l ly  v o id  fr e e , th e  in s u la to r  w a s  
n o w  fo u n d  to  h a v e  e n h a n c e d  e le c tr ic a l a n d  m e c h a n ic a l  p r o p e r t ie s .
3.10 Gasket modification.
O n e  fu r th e r  m o d if ic a t io n  w a s  c a r r ie d  o u t  o n  th e  g a s k e t , th e  h o le  w a s  ta p e r e d  
w it h  a  d r ill  o f  s iz e  o n e  u p  fr o m  th a t  u s e d  to  d r ill th e  h o le  to  r e m o v e  th e  b u rrs  
a s  w e l l  a s  th e  sh a r p  e d g e s .  T h is  p r o c e s s  w a s  ca rr ied  o u t  to  le s s e n  th e  r is k  o f  
th e  w ir e  b r e a k in g  a t th e  e d g e ,  u n d e r  c o m p r e s s io n , a s  th e  f l o w  o f  th e  w ir e  is  
d ir e c te d  to w a r d s  th e  h o le  a n d  a ls o  im p r o v e s  th e  in s u la t io n  p r o c e s s  o f  th e  h o le .
3.11 Soldering diamonds into the diamond anvil cell.
N u m e r o u s  m e t h o d s  h a s  b e e n  u s e d  in  th e  p a s t  to  fa s te n  th e  d ia m o n d s  in to  a  
D A C . I n it ia lly , w e  h a v e  u s e d  e p o x y  r e s in  a r o u n d  th e  d ia m o n d s .  T h is  m e th o d  
i s  in c o n v e n ie n t  a s  th e  m o u n t in g  d o e s  n o t  s u r v iv e  c r y o g e n ic  c y c l in g  m o r e  th a n  
a  f e w  t im e s  b e fo r e  th e  d ia m o n d s  fa ll  o ff . M e ta ll is e d  d ia m o n d s  m a y  b e  
o b ta in e d  fo r  u s e  a s  h e a t  s in k s  a n d  it  is  th e r e fo r e  p o s s ib le  to  o b ta in  a n v i ls  w it h  
a  m u lt i la y e r  m e ta ll is a t io n . W e  h a v e  o b ta in e d  m e ta l l is e d  d ia m o n d s  fr o m  
D r u k k e r  (A m s te r d a m ), w h ic h  c a n  th e n  b e  e a s i ly  s o ld e r e d  o n to  th e  b a c k in g  
p la te  a n d  p is t o n  w i t h  o r d in a r y  le a d - t in  s o ld e r 89, u s in g  a  s p e c ia l ly  d e s ig n e d  
s o ld e r e d  j ig  s h o w n  in  f ig u r e  19 . T h is  m o u n t in g  m e th o d  h a s  p r o v e d  to  b e  
h ig h ly  s a t is fa c to r y  s in c e  it  is  m u c h  m o r e  p e r m a n e n t .
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Figure 18. M o d if ic a t io n  ca rr ied  o u t  to  th e  s a m p le  h o le :
a ) in it ia l ly  th e  e d g e s  h a v e  a g r e a te r  a n g le  w h i ls t  b ) ta p e r in g  g iv e s  m o r e  
s h a l lo w  e d g e s .  T h is  p r o c e s s  le s s e n s  th e  r is k  o f  th e  w ir e  s e v e r in g  d u r in g  c o m p r e s s io n .
62
Screw Force
Solder Diamond Centering 
Rate
Figure 19. A  s c h e m a t ic  d ia g r a m  s h o w in g  th e  j ig  u s e d  fo r  s o ld e r in g  o f  th e  
d ia m o n d s . T h e  m e ta l l is e d  d ia m o n d  is  c e n tr e d  o n to  th e  p is t o n  b y  th e  c e n tr in g  
p la te , a n  e v e n  fo r c e  is  a p p lie d  to  th e  b a s e  o f  th e  p is to n  b y  a c o p p e r  s tr ip  
s c r e w e d  o n  e ith e r  s id e . T h e  w h o le  a p p a r a tu s  is  th e n  h e a te d  o n  a h o t  p la te  fo r  
a f e w  m in u te s . A  th in  la y e r  o f  s o ld e r  w a s  a p p lie d  to  th e  p is t o n  b e fo r e  in s e r t in g  
it  in to  th e  jig .
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3.13 Preliminary results.
T o  te s t  th e  fe a s ib i l i ty  o f  th e  e le c tr ic a l f e e d th r o u g h s  in  th e  D A C  
p h o t o c o n d u c t iv i t y  e x p e r im e n ts  w e r e  c a rr ied  o u t  a s  s h o w n  b y  th e  s e tu p  b e lo w .
F ig u r e  1 9  (a ). A  s c h e m a t ic  o f  th e  p h o to c o n d u c t iv ity  e x p e r im e n ta l  s e tu p . T o  
p r e v e n t  to o  m u c h  c u r r e n t b e in g  d r a w n  b y  th e  s a m p le  a  r e s is to r , R lr w i t h  a  
v a lu e  m u c h  le s s  th a n  th e  s a m p le  r e s is ta n c e  is  p u t  in  se r ie s . A  c h a n g e  in  
v o lta g e  is  m e a s u r e d  a c r o ss  R 2 w h ic h  in it ia l ly  h a s  th e  s a m e  v a lu e  a s  th e  s a m p le .
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F ig u r e  2 0  s h o w s  th e  p h o t o c o n d u c t iv i t y  s p e c tr a  o f  SI G a A s  u n d e r  p r e s s u r e  a t  
300IC  H e r e  th e  b a n d  e d g e  is  u s e d  a s  th e  p r e s s u r e  g a u g e . T h e  
p h o t o c o n d u c t iv i t y  p lo t s  s h o w s  a  s h if t  in  th e  b a n d  e d g e  r e la t iv e  to  th a t  a t  
a tm o s p h e r ic  p r e s s u r e . T o  m e a s u r e  th e  p r e s s u r e  d ir e c t ly  fr o m  th e  b a n d  e d g e  
e ith e r  th e  w a v e le n g t h  c o r r e s p o n d in g  to  th e  to p  o f  th e  e d g e  o r  a  p o in t  h a lf  w a y  
d o w n  th e  e d g e  c a n  b e  u s e d  a s  lo n g  a s  c o n s is t e n c y  is  m a in ta in e d . T h e  p r e s s u r e  
c o e f f ic ie n t  fo r  th e  d ir e c t  b a n d  g a p  o f  1 0 .7  m e v /k b a r  w o r k e d  o u t  b y  W o lfo r d  
a n d  B r a d le y 90 is  u s e d .  T h e  f o l lo w in g  fo r m u la  is  th e n  u s e d  to  w o r k  o u t  th e  
p r e s s u r e  in  k b a r
1000
(3 .2 )
"almos
1 0 .7
K m c  = 8 8 0  n m  
X  = 7 5 8  n m
T h is  g iv e s  a  p r e s s u r e  o f  21  k b a r  fo r  th is  e x p e r im e n t .
Wavelength (nm)
F ig u r e  20 . S h o w in g  th e  p h o t o c o n d u c t iv i t y  sp e c tr a  o f  SI G a A s  u n d e r  p r e s s u r e .
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3.14 Reasons for loading failures.
T h e  m a in  r e a s o n  fo r  fa ilu r e  is  s h o r t in g , th e  in s u la to r  b e in g  to o  th in  o r  to o  
th ic k . W h e n  a  fo r c e  i s  a p p lie d  th e  w ir e  c u ts  th r o u g h  th e  in s u la to r  a n d  s o m e  
o f  th e  c u r r e n t p a s s e s  t h r o u g h  th e  g a s k e t  in s te a d  o f  th e  s a m p le , th e  m e ta l  h a s  
a  m u c h  lo w e r  r e s is ta n c e  th a n  th a t  o f  th e  s e m ic o n d u c to r . It i s  s t i l l  p o s s ib le  to  
ca rry  o u t  th e  e x p e r im e n t  in  s o m e  c a s e s  b u t  th e  s p e c tr a  is  o f  a  p o o r  q u a lity  
s in c e  th e  n o is e  le v e l  is  m u c h  h ig h e r , f ig u r e  2 1 . If th e  in s u la to r  i s  to o  th ic k  th e n  
it  w i l l  f l o w  to w a r d s  th e  s a m p le  h o le  a n d  a w a y  fr o m  it. T h e r e fo r e  th e  w ir e  th a t  
is  b e in g  c o m p r e s s e d  b y  th e  d ia m o n d  e lo n g a te s  a n d  b r e a k s . T h e  m o s t  c o m m o n  
fa ilu r e  m e c h a n is m  is  s h o r t in g  a t th e  e d g e  o f  th e  h o le . T h is  i s  b e l ie v e d  to  b e  
b e c a u s e  th e  in s u la to r  is  m u c h  th in n e r  h e r e  a n d  a lso  th e  in s u la to r  a r o u n d  th e  
s id e  c a n  p e e l  o f f  s l ig h t ly  a s  th e  h o le  c lo s e s  u p . O c c a s io n a l ly  a n  u n e x p e c te d  
fo r m  o f  fa ilu r e  ta k e s  p la c e  a n d  a  s p a r k  i s  s e e n  c o m in g  o u t  o f  th e  s id e  h o le  o f  
th e  c e ll . T h is  tr a n sp ir e s  w h e n  th e  v o lt a g e  a c r o ss  th e  s a m p le  is  t y p ic a l ly  a r o u n d  
7  v o l t s  o r  m o r e . T h e  r e s u lt  is  th e  s e v e r in g  o f  o n e  o f  th e  w ir e s .  A n a ly z in g  th e  
e n d  o f  th e  w ir e  it  c a n  b e  c le a r ly  s e e n  th a t  m e lt in g  h a s  o c c u r r e d . T h e  r e a s o n  fo r  
th is  c o u ld  o n ly  b e  th a t  s h o r t in g  h a s  ta k e n  p la c e  b e c a u s e  o f  th e  s a m p le  d r a w in g  
to o  m u c h  c u rren t, d u e  to  th e  fa c t  th a t  b r e a k d o w n  v o lta g e  o f  th e  in s u la to r  h a s  
b e e n  r e a c h e d , h e n c e  s p a r k in g . T h is  i s  r e a s o n a b le  a s  th e  e le c tr ic  s tr e n g th  o f  th e  
in s u la to r  i s  a b o u t  10  M V / m ,  th e  th ic k n e s s  is  t y p ic a l ly  l x l  O A n, th e n  th e  
b r e a k d o w n  is  a r o u n d  10  V  d e p e n d in g  o n  th e  d e ta i le d  d ie le c tr ic  s tr e n g th . T o  
a v o id  th is  b r e a k d o w n  a  lo w e r  v o lt a g e  w a s  u s e d ,  e s p e c ia l ly  a t h ig h  p r e s s u r e  
a s  th e  th ic k n e s s  o f  th e  in s u la to r  d e c r e a s e s  w it h  p r e s su r e .
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Wavelength (nm)
F ig u r e  2 1 . P h o to c o n d u c t iv i ty  o f  G a A s  w ith  o n e  o f  th e  le a d s  s h o r te d  to  th e  
g a sk e t . It s h o w s  th e  a m o u n t  o f  n o is e  p r e s e n t  w h ic h  m a k e s  it  v e r y  d if f ic u lt  to  
id e n t ify  th e  e x a c t  p o s it io n  o f  th e  b a n d  e d g e . T h e  p r e s s u r e  is  a r o u n d  4 0  k b ar.
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3.14.1 Araldite failure.
T h e  e le c tr o n  m ic r o g r a p h s , f ig u r e  2 2 , s h o w s  th e  A r a ld ite  in s u la to r , w a r m e d  u p ,  
a fte r  h a v in g  b e e n  a r g o n  lo a d e d . A t  l o w  te m p e r a tu r e  th e  A r a ld ite  h a s  c r a c k e d  
u p  a n d  e x p o s e d  th e  b a r e  s ta in le s s  s t e e l  m e ta l. A n y  c o n d u c t in g  le a d s  n e a r  th e  
c r a c k  w i l l  r e s u lt  in  s h o r t in g  d u r in g  c o m p r e s s io n , th e  A r a ld ite  w i l l  b r e a k  d u e  
to  th e  fo r c e  e x e r te d  b y  th e  w ir e  a n d  m o v e  to w a r d s  th e  c r a c k  th e r e fo r e  
e x p o s in g  th e  g a s k e t  to  th e  w ir e . A lt e r n a t iv e ly  th e  w ir e  m a y  g e t  lo d g e d  in  o n e  
o f  th e s e  cra ck s  d u r in g  th e  lo a d in g . T h e r e  is  n o th in g  o n e  c a n  d o  to  g u a r a n te e  
a v o id in g  th is  p r o b le m  s in c e  th e  te m p e r a tu r e  o f  l iq u id  a r g o n  is  w e l l  b e lo w  th a t  
o f  th e  lo w e s t  r e c o m m e n d e d  w o r k in g  te m p e r a tu r e  r a n g e  o f  A r a ld ite . T h e  h ig h  
c u r in g  te m p e r a tu r e  c y c le  u n fo r tu n a te ly  a lso  r a ise s  th e  lo w e s t  w o r k in g  
te m p e r a tu r e . T h e r e  are  n o  a v a ila b le  e p o x y  r e s in s  th a t  w e  k n o w  o f  th a t w i l l  
w o r k  a t th e s e  v e r y  lo w  te m p e r a tu r e s . A r a ld ite  d o e s  w o r k  p r o v id e d  it  h a s  b e e n  
w e l l  c u r e d  a n d  o n ly  a  th in  la y e r  h a s  b e e n  s p u n  o n . It is  v e r y  d if f ic u lt  to  o b ta in  
a  th in  e n o u g h  la y e r  w i t h  R a p id e  A r a ld ite  d u e  to  its  h ig h  v is c o s i ty .  U n d e r  
c o m p r e s s io n  th e  R a p id e  A r a ld ite  f lo w s  in to  th e  h o le  a n d  b r e a k s  th e  s a m p le ,  
it  i s  th e r e fo r e  u n s u ita b le  fo r  th is  t y p e  o f  e x p e r im e n t . O n c e  m ix e d  it  h a s  to  b e  
u s e d  w it h in  15  m in u t e s  a s  it  s e t s  q u ic k ly  a n d  th e r e fo r e  n o t  p o s s ib le  to  r e m o v e  
m o s t  o f  th e  v o id s .  A t te m p ts  h a v e  b e e n  m a d e  to  r e m o v e  th e m  o n ly  to  f in d  th a t  
th e  R a p id e  A r a ld ite  h a s  s e t  w i t h  b ig  v o id s  p r o tr u d in g  a t th e  s u r fa c e  m a k in g  
th e  in s u la to r  e v e n  m o r e  u n p r e d ic ta b le .
T h e  c u r in g  o f  th e  3 p a r t  A r a ld ite  is  v e r y  te m p e r a tu r e  s e n s i t iv e ,  w o r k in g  w it h  
th is  n a r r o w  te m p e r a tu r e  r a n g e  h a s  p r o v e d  to  b e  d if f ic u lt  a n d  th e r e fo r e  w e  
w o u ld  n o t  r e c o m m e n d  it. W h ils t  th a t  o f  th e  2  p a r ts  h a s  s h o w n  to  b e  v e r y  
u s e f u l  e s p e c ia l ly  i f  th e  t w o  s ta g e  c u r in g  is  u s e d .
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Figure 22. This shows cracking of the Araldite after argon loading
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Chapter 4.
The new gasket.
4.1 Introduction.
O v e r  th e  y e a r s  th e  s in g le  g a s k e te d  d ia m o n d  a n v il  c e ll  (D A C ) h a s  b e c o m e  th e  
s ta n d a r d  to o l  fo r  th e  g e n e r a t io n  o f  h ig h  p r e s s u r e s . C o m p a r e d  w i t h  a  h y d r a u lic  
p is to n -c y l in d e r  d e v ic e  th e  D A C  is  q u ite  e a s y  to  d e s ig n ,  c o n s tr u c t  a n d  o p e r a te .  
P e r h a p s  b e c a u s e  o f  th is , l i t t le  c o v e r a g e  h a s  b e e n  g iv e n  in  th e  lite r a tu r e  o f  th e  
g a s k e t  d e s ig n ,  o n e  h a s  to  fa c e , w i t h  p a r t ic u la r  r e g a r d  to  th e  u s e  o f  e le c tr ic a l  
f e e d th r o u g h s ,  s u c h  a s  t y p e  o f  m e ta l , in s u la to r  a n d  th e  d e s ig n  o f  th e  g a s k e t  to  
fa c ilita te  r e lia b le  e le c tr ic a l e x p e r im e n ts .
T w o  ty p e s  o f  g a s k e ts  w e r e  d e v e lo p e d  in  th is  w o r k  fo r  e le c tr ic a l m e a s u r e m e n ts .  
T h e  fir s t  c o n s is t s  o f  o n e  s h e e t  o f  s ta in le s s  s te e l  m e ta l  w i t h  a  th in  la y e r  o f  
A120 3 o n  to p . T h is  t y p e  o f  g a s k e t  r e q u ir e d  r o u n d e d  o r  d o u b le  e d g e d  
d ia m o n d s .  T h e  s e c o n d  e m p lo y s  a  n o v e l  s a n d w ic h  o r  la m in a te d 91 a r r a n g e m e n t  
w h ic h  c o n s is t s  o f  t w o  s ta in le s s  s t e e l  s h e e t s .  T h e  c o n s tr u c t io n  o f  th e  s in g le  s h e e t  
g a s k e t  h a s  b e e n  d e s c r ib e d  in  th e  p r e v io u s  c h a p te r  in  m o r e  d e ta il .  In  th is  
c h a p te r  w e  w i l l  c o n c e n tr a te  o n  th e  n e w , la m in a te d , s te e l  g a s k e t .
4.2 The conventional gasket.
A  c r o s s - s e c t io n  o f  a  c o n v e n t io n a l  g a s k e t  i s  s h o w n  in  f ig u r e  2 3  (a); th e  in s u la to r  
m a y  b e  a  c e r a m ic  o r  e p o x y  r e s in . T h e  s a m p le  w ir e  s it s  b e t w e e n  th e  d ia m o n d  
a n d  th e  in s u la to r . E le c tr ic a l c o n t in u ity  m u s t  b e  m a in ta in e d  a n d  to  d o  th is  th e
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w ir e  a t th e  b o t to m  e d g e  o f  th e  in d e n ta t io n  m u s t  n o t  b e  s e v e r e d . It is  v e r y  
d if f ic u lt  to  a c h ie v e  th is  w i t h  sh a r p  e d g e  d ia m o n d s  h e n c e  th e  n e e d  fo r  r o u n d e d  
o r  d o u b le  b e v e l  e d g e  d ia m o n d s .
F r e q u e n t ly  a n  e le c tr ic a l s h o r t  c ir c u it  o r  b r e a k  d e v e lo p s .  T h e  s h o r t  m a y  o c c u r  
w h e n  th e  w ir e  p e n e tr a te s  th e  in s u la to r  a n d  m a k e s  e le c tr ic a l c o n ta c t  w i t h  th e  
g a s k e t . A s  m e n t io n e d  in  th e  p r e v io u s  c h a p te r  th e  b r e a k in g  o f  th e  w ir e  w i l l  
v e r y  m u c h  d e p e n d  o n  th e  in s u la to r  th ic k n e ss ;  e q u a l ly  im p o r ta n t  is  th e  
th ic k n e s s  o f  th e  in d e n t e d  g a s k e t  it s e lf . T h e  g r e a te s t  s tr e s s  w i l l  o c c u r  a t  th e  
su r fa c e  o f  th e  g a s k e t  a n d  th e  le a s t  in  it s  m id d le  a s  s h o w n  in  f ig u r e  2 3  (b ). T h e  
c o m p r e s s e d  w ir e ,  b e t w e e n  th e  d ia m o n d  a n d  in s u la t o r /g a s k e t  su r fa c e  w i l l  
th e r e fo r e  e x p e r ie n c e  a  g r e a te r  a m o u n t  o f  s tr e s s , th a n  o n e  w o u ld  w a n t .  T o  
r e d u c e  th is  a  n e w  ty p e  o f  g a s k e t  h a s  b e e n  d e v e lo p e d ,  th e  la m in a te d  o r  
s a n d w ic h  ty p e  g a s k e t  w h e r e  th e  s a m p le  i s  p la c e d  in  th e  m id d le  o f  th e  g a s k e t .
Figure 23 (a). This shows a cross-section of a conventional gasket.
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Stress variation
Figure 23 (b). A schematic representation of the 
stress through the gasket.
4.3 The laminated gasket.
Figure 24. A cross section of a laminated gasket with the associated stress 
pattern, it clearly shows the least stress to be in the middle of the gasket.
T h e  c o n s tr u c t io n  o f  s u c h  g a s k e t  is  a lm o s t  id e n t ic a l  to  th a t  o f  a  c o n v e n t io n a l  
o n e , th e  o n ly  m a jo r  d if fe r e n c e  is  th a t  in s te a d  o f  u s in g  o n e  5 0 0  p m  th ic k  
s ta in le s s  s t e e l  s h e e t  w e  n o w  u s e  t w o  2 5 0  p m  th ic k  s h e e t s  in s te a d . T h e  t w o  
s h e e t s  a re  s tu c k  to g e th e r  w it h  g lu e  b e fo r e  th e  in d e n ta t io n  p r o c e e d s . T h e  id e a  
b e h in d  th is  ty p e  o f  g a s k e t  is  to  l e s s e n  th e  s tr e s s  e x e r te d  o n  th e  w ir e  w h e n  
in s e r te d  b e t w e e n  th e  la m in a te s  a n d  to  th e r e fo r e  m a k e  e le c tr ic a l f e e d th r o u g h s  
m o r e  r e lia b le . U s in g  th e  la m in a te d  g a s k e t , i t  is  a ls o  c le a r  th a t  n o  s p e c ia l ly  c u t  
d ia m o n d s  a re  n o w  r e q u ir e d , a n  o r d in a r y  o p t ic a l  o n e  i s  n o w  s u f f ic ie n t . T h is  is  
a  c o n s id e r a b le  a d v a n ta g e  in  te r m s  o f  c o s t , th e  n u m b e r  o f  c e l ls  r e q u ir e d  a n d  
f le x ib il ity .
4.4 Method of construction.
T h e  s ta in le s s  s te e l ,  w e  u s e d ,  c o m p lie d  to  th e  B r it ish  S ta n d a r d  1 4 4 9  T 3 1 6 , th e  
su r fa c e  f in is h  is  c o ld  r o l le d  b r ig h t  a n n e a le d . D u e  to  its  a u s te n it ic  g r a d e  i t  is  
h a r d e n e d  b y  c o ld  w o r k in g . T h e  t w in  s h e e t s ,  w i t h  a  th in  la y e r  o f  a lu m in a  
p o w d e r  o f  3 p m  p a r t ic le  s iz e  in  b e t w e e n ,  a re  g lu e d  u s in g  c y a n o -a c r y la te  g lu e  
a n d  p r e s s e d  to g e th e r . T o  o b ta in  g o o d  a d h e s io n  th e  s u r fa c e  is  f ir s t  r o u g h e n e d  
w it h  f in e  e m e r y  p a p e r . A fte r  g lu in g  to g e th e r  th e  a s s e m b ly  i s  c u t  to  s iz e ,  d r il le d  
fo r  th e  g a s k e t  g u id e  p in s ,  a n d  p r e in d e n te d . T h e  a lu m in a  p o w d e r  is  p r e s s e d  
in to  th e  s te e l  d u r in g  in d e n ta t io n . T h e  a s s e m b ly  is  ta k e n  a p a r t  a g a in , a fte r  
in d e n ta t io n , u s in g  a c e to n e  to  d i s s o lv e  th e  g lu e .
T h e  in te r fa c e  o f  th e  m e ta l  u n d e r  th e  in d e n ta t io n  is  f o u n d  n o t  n o w  to  b e  
c o m p le t e ly  f la t . T h is  i s  s o m e w h a t  in c o n v e n ie n t  fo r  e le c tr ic a l f e e d t h r o u g h s  s in c e  
th e  in s u la to r  th a t  w i l l  b e  d e p o s i t e d  w i l l  n o t  b e  e v e n . It is  h o w e v e r ,  n o t  a  
p r o b le m  fo r  o p t ic a l  s p e c tr o s c o p y . W h e n  a r g o n  lo a d e d , e n o u g h  fo r c e  is  a p p lie d  
to  th e  g a s k e t  to  e n s u r e  p la s t ic  d e fo r m a t io n  th r o u g h o u t ,  a n d  th e  g a s k e t  s e a ls
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ju s t  l ik e  th e  o n e -p ie c e  g a s k e t . T h is  r o u g h n e s s  m a y  b e  d u e  to  th e  w a y  th e  m e ta l  
w o r k  h a r d e n s  u n d e r  th e  la r g e  fo r c e  u s e d  d u r in g  p r e in d e n ta t io n . A  s te p -b y -s te p  
r e p r e s e n ta t io n  o f  th e  p r o c e d u r e  is  s h o w n  in  f ig u r e  2 5 .
O n c e  th e  e p o x y  h a s  b e e n  s p u n  o n to  th e  g a s k e ts  a n d  c u r e d , th e  lo w e r  h a lf  o f  
th e  g a s k e t  is  p la c e d  o n  th e  p is t o n  d ia m o n d  a n d  th e  s a m p le  is  p la c e d  in  th e  
h o le ,  w i t h  its  w ir e s  le d  lo o s e ly  a c r o s s  th e  f la t  su r fa c e  o f  th e  h a lf -g a s k e t , a n d  
s e c u r e d  to  th e  c o n ta c t  p in s .  T h e  u p p e r  h a lf -g a s k e t  is  lo c a te d  o n  th e  g a s k e t  
g u id e  p in s  a n d  g e n t ly  lo w e r e d  o n  to  th e  s a m p le . T h e  c e l l  is  t h e n  a s s e m b le d  
a n d  lo a d e d  w it h  a r g o n .
A  d r a w b a c k , w it h  th e  la m in a te d  g a s k e t , is  th a t  it  h a s  th e  t e n d e n c y  to  a l lo w  th e  
p r e s s u r e  tr a n s m it t in g  f lu id  to  d i f fu s e  th r o u g h  th e  in s u la to r  in  th o s e  c a se s  
w h e r e  la r g e  g a s k e t  d is to r t io n  h a s  o c c u r r e d  u n d e r  lo a d . N e v e r t h e le s s ,  e v e n  w it h  
th is  d is a d v a n ta g e ,  th e  a p p r o a c h  is  a  s im p le  a n d  a  s tr a ig h t  fo r w a r d  m e th o d  o f  
m a k in g  e le c tr ic a l m e a s u r e m e n ts  in  th e  d ia m o n d  a n v il  c e ll.
A s  in  o th e r  ty p e s  o f  g a s k e t  s h o r t in g  is  s t i l l  a  r e la t iv e ly  c o m m o n  o c c u r r e n c e  a t  
h ig h  p r e s s u r e . H o w e v e r  it  i s  a  c o n s id e r a b le  im p r o v e m e n t , -  5 0 -1 0 0  %, o v e r  th e  
s in g le  g a s k e t  fo r  s im ila r  p r e s s u r e s . In  th e  la m in a te d  g a s k e t  a  sh o r t  c ir c u it  c a n  
d e v e lo p  a fter  m u c h  o f  th e  o f  th e  in s u la to r  h a s  b e e n  e x tr u d e d , fr o m  b e t w e e n  
th e  t w o  s ta in le s s  s te e l  s h e e t s ,  w h ic h  th e n  m a k e  e le c tr ic a l c o n ta c t . T h is  m a y  
o c c u r  n e a r  o r  a t th e  e d g e  o f  th e  s a m p le  h o le  s in c e  r ig h t  a t th e  e d g e  th e  
in s u la to r  f i lm  is  a t its  th in n e s t .
H o w e v e r ,  th e  m o s t  s e r io u s  p r o b le m s  a re  th e  "ripples"; a s  th e  fo r c e  e x e r te d  o n  
th e  g a s k e t  in c r e a s e s  th e  r ip p le s  b e c o m e s  d e e p e r  a n d  m o r e  p r e v a le n t . T h is  h a s  
th e  c o m b in e d  e f fe c t  o f  b r e a k in g  th e  in s u la to r  in to  t in y  lo o s e  fr a g m e n ts ;  
r e n d e r in g  th e  in s u la to r  u s e le s s .  T h is  e f fe c t  w a s  fo u n d  to  b e  r e d u c e d  b y  u s in g  
a  h a r d e r  s ta in le s s  s te e l ,  s u c h  a s  s p r in g  q u a lity  ty p e .
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F ig u r e  2 5 . A  s te p  b y  s te p  r e p r e s e n ta t io n  o f  th e  m e th o d  o f  c o n s tr u c t io n
fo r  th e  la m in a te d  g a sk e t .
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Figure 26. Shows photographs of a selection of used gaskets showing the
extent of the ripples.
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4.5 Alternative use of a laminated gasket.
A n  a lte r n a t iv e  w a y  o f  u s in g  o f  a  la m in a te d  g a s k e t  is  r e p o r te d  h e r e  fo r  
e le c tr ic a l fe e d th r o u g h s . I n s te a d  o f  is o la t in g  th e  w ir e s  fr o m  th e  g a s k e ts , th e  
g a s k e ts  th e m s e lv e s  are u s e d  a s  a  c o n d u c t in g  p a th w a y , a s  s h o w n  in  f ig u r e  2 7 . 
T h e  u s e  o f  la m in a te d  g a s k e ts  in  th is  m a n n e r  h a v e  b e e n  s u c c e s s f u ly  tr ie d  b y  
B o e h le r 92 fo r  in te r n a lly  h e a t in g  a  D A C , to  s e v e r a l th o u s a n d  d e g r e e s ,  w i t h  a  
t u n g s t e n  w ir e  e le m e n t .
Figure 27. D ia g r a m  s h o w s  a n  a lte r n a t iv e  w a y  o f  u s in g  a  la m in a te d  g a s k e t ,  
th e  g a s k e ts  a re  a ls o  in s u la te d  fr o m  th e  g u id e  p in s .
T h e  g a s k e ts  a re  in s u la te d  th e  n o r m a l w a y  a n d  s tu c k  to g e th e r . A lte r n a t iv e ly  
a p p ly  a  th ic k  la y e r  o f  A120 3 b e t w e e n  th e  m e ta l b e fo r e  in d e n ta t io n  b u t  in s te a d  
o f  s e p a r a t in g  it a fter  th e  s a m p le  h o le  h a s  b e e n  d r ille d  th e  g a s k e t s  r e m a in  h e ld  
to g e th e r . T h e  s a m p le  is  p o s i t io n e d  in  th e  s a m p le  h o le  w i t h  th e  le a d s  e x t e n d in g  
fr o m  e ith e r  e n d  o f  th e  h o le .  T h e  le a d s  a re  th e n  s tu c k  to  th e  b a r e  m e ta l  g a s k e t
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su r fa c e  w i t h  s i lv e r  e p o x y .  T h e  g a s k e t  w i t h  th e  s a m p le  in  th e  h o le  i s  g e n t ly  
p la c e d  o n  o n e  o f  th e  d ia m o n d s ,  fu r th e r  e le c tr ic a l c o n n e c t io n s  a re  m a d e  fr o m  
th e  c o n d u c t in g  p in s  to  th e  g a s k e ts . P r o v id e d  th e  g a s k e ts  a re  w e l l  in s u la te d  
t h e n  s h o r t in g  s h o u ld  n o t  o c c u r , b o t h  g a s k e t  s id e s  b e c o m e  p a r t  o f  th e  t w o  
e le c tr ic a l le a d s  to  e a c h  s id e  o f  th e  s a m p le  r e s p e c t iv e ly .  A s  a  p r e c a u t io n  th e
g u id e  p in s  o f  th e  p is t o n  a re  a lso  in s u la te d .
T h e  m e th o d  w i l l  o n ly  w o r k  if  o n ly  t w o  le a d s  a re  r e q u ir e d . E le c tr o -o p t ic a l  
s p e c tr o s c o p y  is  m o r e  c o m p lic a te d  s in c e  th e  s a m p le  is  s u s p e n d e d  a t a n  a n g le .  
F o r  fu tu r e  w o r k , it  is  h o w e v e r  id e a l ly  s u it e d  to  p u r e  e le c tr ic a l m e a s u r e m e n ts  
s u c h  a s  s im p le  I-V  a n d  C -V  m e a s u r e m e n ts .
4.6 Stainless steel quality.
D if fe r e n t  t y p e s  o f  s ta in le s s  s te e l ,  o f  d if f e r in g  h a r d n e s s , h a v e  b e e n  u s e d  to  
c o n s tr u c t  th e  la m in a te d  g a s k e t , in  o r d e r  to  e l im in a te  a s  m u c h  r ip p lin g  a s  
p o s s ib le .  T h e y  w e r e  e x tr a  h a r d  r o lle d  w it h  v a r y in g  c h e m ic a l  c o m p o s it io n  
( s p r in g  q u a lity ) , ta b le  8 .
T h e  h a r d e r  th e  s t e e l  th e  le s s  r ip p le s  w e r e  fo u n d  to  b e  p r e s e n t ,  b u t  a  g r e a te r  
fo r c e  is  n e e d e d  d u r in g  in d e n ta t io n  to  o b ta in  th e  r ig h t  th ic k n e s s . A  
d is a d v a n ta g e  in  u s in g  s p r in g  q u a lity  s t e e l  is  th a t it  is  n o t  s o  e a s y  to  d r ill
t h r o u g h  w it h o u t  b lu n t in g  o r  b r e a k in g  th e  d r ill  b its .
It a p p e a r s  th a t  th e  301 a n d  3 0 2  g r a d e  s te e l ,  b e in g  th e  h a r d e r , are th e  m o s t  
p r o m is in g . F ig u r e  2 8  s h o w s  th e  fo r c e  a g a in s t  in d e n ta t io n  th ic k n e s s  fo r  a  c o ld  
r o lle d  s te e l  g a s k e t . T h e  d a s h e d  l in e  i s  th e  p o in t  a t w h ic h  th e  p r e s s u r e  is  r a is e d  
in  th e  g a s k e t  h o le  b y  in w a r d  m e ta l  e x tr u s io n , th e  th ic k n e s s  r e m a in s  c o n s ta n t .
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Table 8. This shows details of the three types of steel that were tried.
B S g r a d e 3 1 6 S 1 6 301S 21 3 0 2 S 2 5
E L E M E N T m in  % m a x m in % m a x m in % m a x
C a r b o n .08 - 0 .1 5 — 0 .1 2
S ilic o n 0 .2 0 1 .0 0 0 .2 0 1 .0 0 0 .2 0 1 .0 0
M a n g a n e s e 0 .5 0 2 .0 0 0 .5 0 2 .0 0 0 .5 0 2 .0 0
N ic k e l 1 0 .5 0 1 3 .5 0 6 .0 0 8 .0 0 8 .0 0 1 1 .0 0
C h r o m iu m 1 6 .5 0 1 8 .5 0 1 6 .0 0 1 8 .0 0 1 7 .0 0 1 9 .0 0
M o ly b d e n u m 2 .2 5 3 .0 0 - — _  —
P h o s p h o r u s - 0 .0 4 5 - 0 .0 4 5 - 0 .0 4 5
S u lp h u r — 0 .0 3 0 — 0 .0 3 0 — 0 .0 3 0
T ita n iu m 4  x  %C 0 .6 0 - - _  —
83
Figure 28. A gasket, force-thickness, plot. The arrows represent the direction 
in which the line shifts if a harder metal is used. The region at and below the 
dashed line at 90/xm correspond to the thin gasket region, which is the 
preferred regime in which to operate the DAC.
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Chapter 5.
5.1 Introduction.
T o  d e m o n s tr a te  th e  u s e f u ln e s s  a n d  r e lia b il ity  o f  o u r  e le c tr o -o p t ic a l  D A C  w e  
h a v e  m a in ly  ca r r ie d  o u t  p h o t o c o n d u c t iv i t y  (P C ) e x p e r im e n ts . A  b r ie f  
d e s c r ip t io n  o f  th e  p h y s ic s  a s s o c ia te d  w it h  th e  P C  te c h n iq u e  is  g iv e n  b e lo w .
5.2 Initial photoconductivity experiment.
A  "peak" in  th e  p h o t o c o n d u c t iv i t y  sp e c tr a  o c c u r s  n e a r  th e  b a n d  e d g e ,  f ig u r e  
2 0 , a lth o u g h  th e  h e ig h t  o f  th e  p e a k s  is  f o u n d  to  v a r y . A s  lo n g  a s  th e  p e a k  
r e m a in s  th e n  th e r e  is  n o  r e a s o n  w h y  th e  b a n d  e d g e  o b ta in e d  fr o m  th is  c a n n o t  
s t i l l  b e  u s e d  a s  th e  p r e s s u r e  g a u g e . A  s p e c tr u m  o f  a n o th e r  G a A s  s a m p le ,  
u n d e r  a  s m a ll  p r e s s u r e , i s  s h o w n  in  f ig u r e  29 w h e r e  a n  a b r u p t e d g e  is  
o b ta in e d  b u t  n o  p e a k  is  s e e n .
T h e  p e a k  c a n  b e  e x p la in e d  b y  th e  d if fe r e n c e s  b e t w e e n  s u r fa c e  a n d  v o lu m e  
r e c o m b in a t io n  in  te r m s  o f  s t e a d y  s ta te  p h o t o c o n d u c t iv i t y  e x c ite d  b y  su r fa c e  
a b s o r b e d  (e x c it in g  p h o t o n s  w i t h  e n e r g y  m u c h  g r e a te r  th a n  b a n d  g a p )  o r  
v o lu m e  a b so r b e d  r a d ia t io n  (e x c it in g  p h o t o n s  w it h  e n e r g y  l it t le  m o r e  th a n  b a n d
g a p )-
T h e  m a x im u m  at th e  e d g e  is  d ir e c t ly  r e la te d  to  th e  p h o t o s e n s i t iv i t y  o f  th e  
m a te r ia l. T h e  d e c a y  t im e  fo r  s u r fa c e  e x c ita t io n  c a n  b e  m u c h  fa s te r  th a n  th a t  in  
th e  b u lk . It is  th e r e fo r e  r e a s o n a b le  to  e x p e c t  th a t th e  su r fa c e  r e c o m b in a t io n
Photoconductivity of semiconductors.
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v e lo c i t y  a n d  th e  l if e t im e  fo r  s u r fa c e  e x c ite d  ca rr iers  is  in d e p e n d e n t  o f  th e  
v o lu m e  s e n s it iv ity .  In  a  p h o t o s e n s i t iv e  m a te r ia l th e  b u lk  l i f e t im e  is  m u c h  
lo n g e r  th a n  th e  su r fa c e  l i f e t im e  a n d  h e n c e  a m a x im u m  in  th e  sp e c tr a l r e s p o n s e  
o c c u r s  w h e n  a  tr a n s it io n  is  m a d e  fr o m  su r fa c e  to  b u lk  e x c ita t io n  w it h  
in c r e a s in g  w a v e le n g t h .  In  a n  " in s e n s it iv e 1’ m a te r ia l w h e r e  th e  s u r fa c e  l if e t im e  
is  e q u a l to  o r  g r e a te r  th a n  th e  v o lu m e  l if e t im e , th is  m e a n s  th a t n o  m a x im u m  
o c c u r s  at th e  tr a n s it io n  b e t w e e n  s u r fa c e  d o m in a te d  a n d  v o lu m e  d o m in a te d  
e x c ita t io n .
F or  p h o t o c o n d u c t iv i t y  to  ta k e  p la c e  l ig h t  m u s t  b e  a b s o r b e d  b y  th e  p r o c e s s  o f  
c r e a t in g  fr e e  ca rr iers  b y  e ith e r  in tr in s ic  o r  e x tr in s ic  o p t ic a l  a b s o r p t io n . A  c lo s e  
r e la t io n s h ip  e x is ts  b e t w e e n  th e  o p t ic a l  a b s o r p t io n  s p e c tr u m , a n d  th e  
p h o t o c o n d u c t iv i t y  s p e c tr a l r e s p o n s e . T h e  g e n e r a l s h a p e  o f  th e  c u r v e s  in  f ig u r e  
2 0  a n d  2 9  c a n  b e  e x p la in e d  a s  f o l lo w in g ;  in  th e  h ig h  a b s o r p t io n  r e g io n ,  
( w a v e le n g t h  m u c h  lo w e r  th a n  th a t  o f  th e  b a n d  g a p ) , p h o t o c o n d u c t iv i t y  is  
c o n tr o lle d  b y  th e  s u r fa c e  l ife t im e . A t  th e  b a n d  e d g e  r e g io n  a b s o r p t io n  is  s t i l l  
s tr o n g  a n d  th e  p h o t o c o n d u c t iv i t y  i s  d o m in a te d  m a in ly  b y  t h e  b u lk  l i f e t im e  
w it h  th e  m a x im u m  o c c u r r in g  w h e n  th e  a b s o r p t io n  c o e f f ic ie n t , a ,  is  
a p p r o x im a te ly  e q u a l to  th e  r e c ip r o c a l o f  th e  s a m p le  th ic k n e s s . In  th e  l o w  
a b s o r p t io n  r e g io n , w h e r e  th e  w a v e le n g t h  is  g r e a te r  th a n  th a t o f  th e  b a n d  g a p ,  
th e  p h o t o c o n d u c t iv i t y  is  to ta l ly  d o m in a te d  b y  th e  b u lk  l i f e t im e , b u t  d e c r e a s e s  
w it h  in c r e a s in g  w a v e le n g t h  a s  th e  a b s o r p t io n  d e c r e a se s .
T h e  e x a c t  r e a s o n  w h y  th e  p e a k  is  p r e s e n t  in  o n e  s a m p le  a n d  n o t  th e  o th e r , in  
n o m in a l ly  id e n t ic a l  m a te r ia l, c le a v e d  fr o m  th e  s a m e  w a fe r , is  ra th e r  c o m p le x .  
T h e  m a x im u m  is  r e la te d  to  th e  m a te r ia l p h o t o s e n s i t iv i t y  a n d  th is  in  tu r n  v a r ie s  
w it h  d e fe c t  c o n c e n tr a t io n s  in  th e  m a te r ia l. A ls o  th e  c o n ta c t  s p a c in g  m a y  h a v e  
s o m e  in f lu e n c e . T h e  s a m p le  p r e p a r a t io n  e s p e c ia l ly  in  th e  c le a n in g  p r o c e s s  
c o u ld ,  p o s s ib ly ,  a ls o  b e  in v o lv e d .  T h e  th e o r y  to  e x p la in  th e  r e la t io n s h ip
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Figure 29. The photoconductivity of GaAs from the same wafer as that of 
figure 20 showing a sharper edge without the additional peak.
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b e t w e e n  th e  m a x im u m  in  th e  s p e c tr a l r e s p o n s e  c u r v e  w it h  th a t o f  th e  
a b s o r p t io n  c o n s ta n t  a n d  th e  su r fa c e  r e c o m b in a t io n  v e lo c i t y  h a s  b e e n  w o r k e d  
o u t  b y  D e V o r e 93.
5.3 Photoconductivity.
A  p h o to c o n d u c to r  is  a  m a te r ia l w h o s e  e le c tr ic a l c o n d u c t iv i t y  c a n  b e  in c r e a s e d  
b y  th e  a b s o r p t io n  o f  l ig h t  o r  o th e r  s u ita b le  r a d ia tio n . U n d e r  th is  d e f in it io n  
e v e r y  in s u la to r  a n d  s e m ic o n d u c to r  is  a ls o  a  p h o to c o n d u c to r . P h o to c o n d u c t iv ity  
c a n  th e r e fo r e  b e  u s e d  a s  o n e  o f  th e  b a s ic  to o ls  o f  s o l id - s ta te  r e se a r c h , b e in g  
u s e f u l  fo r  th e  d e te r m in a t io n  o f  ca rr ier  l i f e t im e , carr ier  m o b il i ty ,  t r a p p in g  
p h e n o m e n a , im p e r fe c t io n - le v e l  lo c a t io n  a n d  c a p tu r e  c r o s s - s e c t io n  
m e a s u r e m e n ts  o f  im p e r fe c t io n  c e n tr e s  fo r  fr e e  ca rr iers . T h o u g h  e v e r y  in s u la to r  
a n d  s e m ic o n d u c to r  s h o w s  p h o t o c o n d u c t iv i t y  it  is  o n ly  a  f e w  m a te r ia ls  th a t  
s h o w  a  u s e f u l ly  la r g e  c h a n g e  in  c o n d u c t iv i t y  u n d e r  i l lu m in a t io n .
T h e  fu n d a m e n ta l  p r o c e s s  o f  p h o t o c o n d u c t iv i t y  is  th e  a b s o r p t io n  o f  p h o t o n s  b y  
th e  s e m ic o n d u c to r , th is  le a d s  to  th e  c r e a t io n  o f  free  ca rr iers . T h e s e  ca rr iers  are  
th e n  c a p tu r e d  e ith e r  te m p o r a r ily  a t a  t r a p p in g  c e n tr e , o r  r e c o m b in e  
p e r m a n e n t ly  a t a  r e c o m b in a t io n  cen tr e .
T h e r e  a re  t w o  b a s ic  t y p e s  o f  p h o to c o n d u c to r s ,  in tr in s ic  a n d  e x tr in s ic . In  th e  
in tr in s ic  s e m ic o n d u c to r  a  p h o t o n  m a y  r e le a s e  a n  e le c tr o n -h o le  p a ir  a n d  b o th  
c a n  c o n tr ib u te  to  th e  cu rren t. In  th e  e x tr in s ic  s e m ic o n d u c to r  o n ly  o n e  ty p e  o f  
carr ier  i s  a v a ila b le  fo r  c o n d u c t io n .
T h e  s p e c tr a l r e s p o n s e  o f  a n  e x tr in s ic  s e m ic o n d u c to r  i s  m o d if ie d  b y  d o p in g  
s in c e  d o n o r  o r  a c c e p to r  le v e ls  fa ll  b e t w e e n  th e  c o n d u c t io n  a n d  v a le n c e  b a n d s .  
R e c o m b in a t io n  b e t w e e n  fr e e  e le c tr o n s  a n d  fr e e  h o le s  h a s  b e e n  o b s e r v e d  u n d e r
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Figure 30. G e n e r a t io n  o f  a n  e le c tr o n -h o le  p a ir  in  
(a), in tr in s ic  a n d  (b ), e x tr in s ic  s e m ic o n d u c to r
c o n d it io n s  o f  h ig h  fr e e -ca r r ie r  d e n s i t y ,  b u t  in  m o s t  c a s e s  th e  fr e e  carr iers a re  
u s u a l ly  c a p tu r e d  b y  im p e r fe c t io n  c e n tr e s . T h e se  c e n tr e s  fa ll  in to  t w o  
c a te g o r ie s ;
a ) t r a p p in g  c e n tr e s , w h ic h  o c c u r  i f  th e  p r o b a b il ity  th a t  th e  c a p tu r e d
ca rr iers  w i l l  b e  th e r m a lly  r e le a s e d  to  th e  n e a r e s t  b a n d  is  la r g e r  th a n  th e
p r o b a b il ity  th a t  a  fr e e  ca rr ier  o f  o p p o s i t e  ty p e  w i l l  r e c o m b in e  w ith  th e
c a p tu r e d  ca rr ier , a n d
b) r e c o m b in a t io n  c e n tr e s , w h e n  th e  p r o b a b il ity  o f  th e  c a p tu r e d  carr ier  
r e c o m b in in g  w it h  a  ca rr ier  o f  o p p o s i t e  s ig n  a t th e  im p e r fe c t io n  is  g r e a te r  th a n  
th a t o f  it b e in g  r e -e x c ite d  to  th e  fr e e  s ta te .
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Conduction Band
Figure 31. S h o w s  s o m e  ty p ic a l  e le c tr o n ic  tr a n s it io n s  in  a n  n ~ typ e
p h o to c o n d u c to r .
T h e  b a s ic  m e c h a n is m s  o f  th e  p r o c e s s  r e p r e s e n te d  in  f ig u r e  31 a re  l is te d  b e lo w .
1. E x c ita t io n  o f  th e  h o s t  m a te r ia l b y  a b s o r p t io n  o f  l ig h t  w it h  e n e r g y , h v Eg, 
e q u a l to  o r  g r e a te r  th a n  th e  b a n d  g a p . T h is  g e n e r a te s  a n  e le c tr o n -h o le  p a ir  fo r  
e v e r y  p h o t o n  a b so r b e d .
2 . E x c ita t io n  o f  a  b o u n d  e le c tr o n  a t a n  im p e r fe c t io n  le v e l ,  th e  im p e r fe c t io n s  
m a y  b e  e ith e r  im p u r it ie s  o r  c r y s ta l d e fe c t s  su c h  a s  v a c a n c ie s ,  in te r s t it ia ls ,  
d is lo c a t io n s ,  o r  m o r e  c o m p lic a te d  c o m p le x e s .
91
3. Capture of a photoexcited hole by an imperfection centre.
4. C a p tu r e  o f  a  p h o to e x c it e d  e le c tr o n  b y  a c e n tr e  w h ic h  h a s  p r e v io u s ly  
c a p tu r e d  a  p h o to e x c it e d  h o le . T h is  r e s u lt s  in  r e c o m b in a t io n  o f  b o t h  ca rr iers .
5. C a p tu r e  o f  a  p h o to e x c i t e d  e le c tr o n  b y  a n  e le c tr o n  t r a p p in g  c en tre .
6. T h e r m a l f r e e in g  o f  a  tr a p p e d  e le c tr o n .
7. O p tic a l f r e e in g  o f  a  tr a p p e d  e le c tr o n .
8. O p tic a l f r e e in g  o f  a  c a p tu r e d  h o le .
9. T h e r m a l f r e e in g  o f  a  c a p tu r e d  h o le .
T r a n s it io n s  1 a n d  2  a re  r e s p o n s ib le  fo r  th e  b a s ic  p h o t o c o n d u c t iv e  s p e c tr a l  
r e s p o n s e , th e  tr a n s it io n s  3 a n d  4  fo r  th e  fr e e  e le c tr o n  l if e t im e  a n d  th e  
p h o t o s e n s i t iv i t y ,  t r a n s it io n s  5  a n d  6  fo r  th e  s p e e d  o f  r e s p o n s e . T r a n s it io n  7  
c a u s e s  s t im u la t io n  o f  c o n d u c t iv i t y  a n d  f in a lly ,  tr a n s it io n s  8  a n d  9  c o r r e s p o n d s  
to  th e  o p t ic a l  a n d  th e r m a l q u e n c h in g  o f  th e  p h o t o c o n d u c t iv i t y  w h e n  th e  
c e n tr e s  in v o lv e d  a re  th o s e  w i t h  a  s m a ll  c r o s s -s e c t io n  fo r  e le c tr o n s .
T r a n s it io n s  3 a n d  4  m a y  e ith e r  b e  r a d ia t iv e  o r  n o n -r a d ia t iv e . I.e . g iv e  r is e  to  
e ith e r  lu m in e s c e n c e  e m is s io n  o r  d is s ip a t e  th e  e n e r g y  a s  h e a t .
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5.4 The photoconduction.
The conductivity, a, of an intrinsic semiconductor under dark conditions is
given as
w h e r e  p n0 a n d  p p0 a re  th e  ca rr ier  m o b il i t ie s  o f  th e  e le c tr o n s  a n d  h o le s  
r e s p e c t iv e ly ,  n 0 a n d  p 0 are  th e  ca rr ier  d e n s i t ie s  o f  e le c tr o n s  a n d  h o le s  a n d  e  th e  
e le c tr o n ic  c h a r g e .
T h e  c o n d u c t iv i ty  o f  a n  e x tr in s ic  s e m ic o n d u c to r  m a y  b e  a p p r o x im a te d  b y  
s e t t in g  n  o r  p  e q u a l to  z e r o  d e p e n d in g  o n  w h e th e r  it  is  a  p  o r  n - ty p e  m a te r ia l. 
F o r  s im p lic i ty  le t  th e  m a te r ia l b e  n - ty p e . T h e n  th e  c o n d u c t io n  is  g iv e n  ju s t  b y
U n d e r  i l lu m in a t io n  a  c h a n g e  in  c o n d u c t iv i t y  m a y  a r ise  fr o m  e ith e r  a  c h a n g e  
in  th e  c o n c e n tr a t io n  o f  fr e e  ca rr iers  o r  in  th e ir  m o b il i ty  o r  in  b o th . T h e  c h a n g e  
in  c o n d u c t iv i t y  i s  n o w  g iv e n  a p p r o x im a te ly  b y
o 0 = e(n„fi„0 + p(l/xp0) (5 .1 )
Oo = eno/i„ . (5 .2 )
oL = o0 + Aa (5 .3 )
a n d
A a  = A ne/x0 + (n 0 + An)eA/x (5 .4 )
a s s u m in g  a n y  c h a n g e  is  s m a ll.
T h e  c h a n g e  in  th e  e q u il ib r iu m  c o n c e n tr a t io n  o f  fr e e  ca rr iers  A n  is  d ir e c t ly
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related to the photoexcitation rate, / , and the carrier lifetime, x,
A n = f t  (5 .5 )
fr o m  e q u a t io n  5 .4  a n d  5 .5 ,  n e g le c t in g  s e c o n d  o r d e r  te r m s ,
A o  = e p f x  + A p fc e  + e n 0A p  . (5 .6 )
e p j x ,  is  th e  c h a n g e  in  c o n d u c t iv i t y  d u e  to  a  c h a n g e  in  p h o to e x c ita t io n
in te n s ity .  T h e  c o n c e n tr a t io n  o f  ca rr iers  h a s  c h a n g e d  b e c a u s e  m o r e  o f  th e m  are
c r e a te d  b y  i l lu m in a t io n  b u t  th e ir  l i f e t im e  r e m a in s  th e  s a m e .
T h e  te r m , A p fc e ,  r e p r e s e n ts  th e  e f fe c t  in  w h ic h  th e  l i f e t im e  is  a fu n c t io n  
o f  p h o to e x c ita t io n  s in c e , i f  N r is  th e  n u m b e r s  o f  r e c o m b in a t io n  c e n tr e s  e a c h  
w it h  a  c a p tu r e  c r o s s - s e c t io n  S r t h e n  x
t  = — I—  (5 .7 )
v  S  N  'r r
a n d  h e r e  v  is  th e  th e r m a l v e lo c i t y  o f  th e  ca rr iers , th e n  a c h a n g e  in  t  r e s u lts  in
A N  A S
A x  =  L _  -  ... :   . (5 .8 )
v  S r N 2r v  S  N 2
A  c h a n g e  in  x  w i t h  p h o to e x c ita t io n  c a n  r e s u lt  e ith e r  fr o m  a  c h a n g e  in  th e  
d e n s it y  o f  r e c o m b in a t io n  c e n tr e s  o r  fr o m  a c h a n g e  in  c r o s s - s e c t io n  o f  
r e c o m b in a t io n  c e n tr e s . T h e  p h o to c o n d u c to r  b e c o m e s  le s s  s e n s i t iv e  i f  A x
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becomes negative, and more sensitive if At becomes positive.
F or th e  te r m , ery^u., th r e e  p o s s ib i l i t ie s  m a y  a r ise  w h ic h  m a y  r e s u lt  in  a n  
in c r e a s e  in  p h o to c o n d u c t iv i ty .
a) I f  th e  m a te r ia l i s  in h o m o g e n e o u s ,  b a rr ier s  m a y  e x is t  in  th e  m a te r ia l to  
h in d e r  th e  p a s s a g e  o f  cu rren t. P h o to e x c ita t io n  m a y  lo w e r  th e  h e ig h t  o f  th e s e  
b a rr ier s  w h ic h  w i l l  le a d  to  a n  in c r e a s e  in  c o n d u c t iv ity .
b ) D u r in g  p h o to e x c ita t io n  th e  ca rr iers  m a y  b e  e x c ite d  fr o m  o n e  s ta te , w i t h  
a  g iv e n  m o b il i ty ,  to  a n o th e r  s ta te  w i t h  a  d if fe r e n t  m o b il i ty 94.
c) S c a tte r in g  e f fe c t s 95,96 d u e  to  th e  in te r a c t io n  w it h  c h a r g e  c e n tr e s  w h ic h  
le a d  to  a  l im it  in  o b s e r v e d  c o n d u c t iv i t y  c a n  c h a n g e  i f  th e  c h a r g e  o n  th e  c e n tr e s  
c h a n g e s .  A s  a n  e x a m p le , i f  p h o to e x c ita t io n  f i l ls  p o s i t iv e ly  c h a r g e d  io n iz e d  
d o n o r s  w i t h  e le c tr o n s , o n  r e m o v in g  th e  c h a r g e , r e s p o n s ib le  fo r  th e  c o u lo m b ic  
s c a tte r in g , th e  c h a n g e  in  m o b i l i ty  w i t h  i l lu m in a t io n  is  in  th is  fo r m
(m')V2 Tw  S N . <5'9)'  e  •  + +
w h e r e ;
m e* is  th e  e f fe c t iv e  m a s s  o f  th e  carrier.
T  is  th e  a b s o lu te  te m p e r a tu r e
S + is  th e  s c a t te r in g  c r o s s - s e c t io n  o f  th e  io n is e d  d o n o r s .
N + is  th e  c o n c e n tr a t io n  o f  io n iz e d  d o n o r s  m a d e  n e u tr a l b y  p h o to e x c ita t io n .
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5.5 Response time.
F o r p u r e  m a te r ia l th e  r e s p o n s e  t im e  r e q u ir e d  fo r  th e  p h o to c o n d u c to r  to  c h a n g e  
c o n d u c t iv i t y  w it h  l ig h t  in t e n s i t y  i s  d e te r m in e d  b y  th e  fr e e -ca r r ie r  l i fe t im e .  
H o w e v e r ,  in  r e a lity , p a r t ic u la r ly  d u r in g  lo w - le v e l  e x c ita t io n  th e  s p e e d  o f  
r e s p o n s e  is  m u c h  le s s  th a n  w o u ld  b e  e x p e c te d  fr o m  th e  l if e t im e . T h is  is  
b e c a u s e  th e  r ise  a n d  d e c a y  t im e s  c a n  b e  m u c h  g r e a te r  th a n  a n t ic ip a te d  fr o m  
th e  " lifetim e" a s  a r e s u lt  o f  t r a p p in g  o f  fr e e  carriers .
P h o to e x c ite d  fr e e  ca rr iers  c a n  b e  r e m o v e d  fr o m  th e  fr e e  s ta te  b y  tr a p p in g  
r e s u lt in g  in  a  r is e  t im e  a fte r  e x c ita t io n  s ta r ts , a s  a  t im e  la p s e  is  n o w  n e e d e d  fo r  
a s t e a d y  s ta te  to  b e  e s ta b l is h e d  b e t w e e n  th e  n e w  d e n s i t y  o f  fr e e  ca rr iers  a n d  
th e  n e w  o c c u p a n c y  o f  t r a p p in g  c e n tr e s . T h e  tr a p p e d  ca rr iers  c a n  th e n  b e  
s lo w ly  r e le a s e d  a fte r  e x c ita t io n  c e a s e s ,  l e a d in g  to  a n  in c r e a s e  in  th e  d e c a y  t im e .  
A t lo w  in te n s ity  e x c ita t io n  th e  d e n s i t y  o f  t r a p p e d  ca rr iers  c a n  b e  m u c h  g r e a te r  
th a n  th a t  o f  th e  fr e e  ca rr iers . T h e  d e c a y  t im e  is  th e r e fo r e  th e  t im e  r e q u ir e d  to  
fr e e  a  ca rr ier  fr o m  a  tra p  ra th er  th a n  th e  l i fe t im e  d u e  to  r e c o m b in a t io n . T h e  
d e c a y  t im e 97 c a n  b e  w r it te n  a s ,
x ° =  1  ^  ^  ^ '  1 5 1 0 1
w h e r e  t 0 i s  th e  o b s e r v e d  d e c a y  t im e , t  is  th e  carr ier  l i f e t im e , n t i s  th e  d e n s i t y  
o f  tr a p p e d  ca rr iers  th a t m u s t  e m p t y  in  o r d e r  fo r  th e  s t e a d y  s ta te  F e r m i  
e n e r g y 98 to  d r o p  b y  k T  a n d  n  th e  d e n s i t y  o f  fr e e  carr iers . T h e  tra p  d e n s i t y  c a n  
b e  o b ta in e d  fr o m  th e  f o l lo w in g  e q u a t io n s ;
n = (5-11)
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n, = fc0 . (5.13)
5.6 Photosensitivity.
P h o t o s e n s i t iv i t y  c a n  b e  e x p r e s s e d  in  te r m s  o f  th e  a b il i ty  o f  th e  p h o to c o n d u c to r  
to  c o n v e r t  l ig h t  e n e r g y  in to  e le c tr ic a l c u r r e n t fo r  th e  s tr u c tu r e  s h o w n  in  f ig u r e  
32 . S e n s it iv ity  c a n  b e  d e f in e d  a s  th e  p r o d u c t  o f  th e  c o n d u c ta n c e  a n d  th e  sq u a r e  
o f  th e  e le c tr o d e  s p a c in g  d iv id e d  b y  th e  a b so r b e d  l ig h t  p o w e r .
H e n c e ,
Figure 3 2 . S c h e m a tic  r e p r e s e n ta t io n  o f  a  p h o to c o n d u c to r  d e v ic e .
(5.14)V
S p ec ific  S e n s i t iv i ty  S  = —
w h e r e
Ai is  th e  p h o to c u r r e n t  
V  is  th e  a p p lie d  v o lta g e  
1 is  th e  c o n ta c t  s e p a r a t io n  
P  is  th e  a b s o r b e d  r a d ia t io n  p o w e r
A n o th e r  im p o r ta n t  p a r a m e te r  th a t  c a n  a ffe c t  th e  s e n s i t iv i t y  i s  th e  g a in  fa c to r , 
G , o f  a  p h o to c o n d u c to r . T h is  i s  th e  n u m b e r  o f  ca rr iers  th a t  p a s s  b e t w e e n  th e  
c o n ta c ts  fo r  e a c h  p h o t o n  a b s o r b e d  o r  th e  ra tio  o f  p h o to c u r r e n t  to  th e  a m o u n t  
o f  c h a r g e  p e r  u n it  t im e  p r o d u c e d  b y  th e  in c id e n t  lig h t .
A  ca rr ier  w i t h  l if e t im e  % r e q u ir e s  t im e , t*, th e  tr a n s it  t im e , to  m o v e  fr o m  o n e  
c o n ta c t  to  th e  n e x t , th e r e fo r e ,
x xn V (5.15)
t tn V
i f  e q u a l n u m b e r s  o f  b o t h  e le c tr o n s  a n d  h o le s  ta k e  p a r t in  th e  c o n d u c t iv ity .
G ~ ( X  L L  +  X  p )
j 2  '  n  * n  P  P
(5.17)
A  s e n s i t iv e  p h o to c o n d u c to r  w i l l  h a v e  a  la r g e  g a in  fa c to r , G , i f  th e  p r o d u c t  o f  
th e  m o b i l i ty  a n d  a v e r a g e  l i f e t im e  is  la r g e  o r  th e  s p a c in g  b e t w e e n  th e  c o n ta c ts  
is  s m a ll .  I .e ,
G  OCTjLl (5 .1 8 )
a n d
G  <x A . (5 .1 9 )
I2
A n  in te r p r e ta t io n  o f  th e  g a in  fa c to r  m a y  b e  o b ta in e d  b y  s e p a r a t in g  th e  t w o  
te r m s  in  th e  a b o v e  e q u a t io n .
F or  e le c tr o n s
G = jit x  Y .  . (5 .2 0 )n n ,2 ' '
F o r  h o le s
G„ = th XH 7 ' (5-21)
T h e  tr a n s it  t im e  n e e d e d  fo r  th e  e le c tr o n s  to  d r ift  b e t w e e n  th e  c o n ta c ts  a  
d is ta n c e  1 is
f „ = i -  , (5.22)
w h e r e  v dr is  th e  e le c tr o n  d r ift  v e lo c ity ,
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a ls o ,
Pn V
V*  I
T h e  e le c tr o n  tr a n s it  t im e  b e t w e e n  th e  c o n ta c ts  is
(5.23)
t = , (5 .2 4 )
" p v '
a n d  th e  g a in  fa c to r  fo r  e le c tr o n s  is
G  = h  , (5 .2 5 )
t
a ls o  fo r  h o le s  w e  c a n  d e f in e  th e  g a in  fa c to r  a s
G  = J L  . (5 .26 )
* t v
A s  th e  a v e r a g e  l if e t im e  o f  e le c tr o n s  a n d  h o le s  a re  th e  s a m e  fo r  a n  in tr in s ic  
s e m ic o n d u c to r
x  = t„  = tp  . (5 .2 7 )
T h e  g a in  c o e f f ic ie n t  fo r  th e  in tr in s ic  s e m ic o n d u c to r  is  g iv e n  b y
G = G + G = 1 + —  = t(1 + i) , (5.28)
« p t  x  Vf t  '  V '
p  t t  n  p
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(5.29)
a n d
1 1 1 (5.30)+
w h e r e  tdr is  th e  e f f e c t iv e  t im e  ta k e n  fo r  th e  ca rr iers  to  d r ift  b e t w e e n  th e  
c o n ta c ts  o f  th e  p h o to c o n d u c to r .
F o r  a  g a in  fa c to r  g r e a te r  th a n  u n it y  th e  a v e r a g e  carr ier  l i f e t im e  m u s t  b e  la r g e r  
th a n  th e  t im e  ta k e n  fo r  c h a r g e s  to  d r ift  b e t w e e n  th e  c o n ta c ts . W h e n  th e  
m a te r ia l i s  u n d e r  i l lu m in a t io n  a n d  a  v o lt a g e  is  b e in g  a p p lie d ,  e le c tr o n -h o le  
p a ir s  a re  s p o n t a n e o u s ly  c r e a te d , th e s e  c h a r g e s  w i l l  d r ift  t o w a r d s  th e  c o n ta c ts  
a t e ith e r  e n d .
C h a r g e  n e u tr a l i ty  m u s t  b e  m a in ta in e d  b y  th e  m a ter ia l;  th is  m e a n s  th a t i f  a n  
e le c tr o n  p a s s e s  in to  o n e  o f  th e  e le c tr o d e s  a s e c o n d  e le c tr o n  m u s t  c o m e  in  fr o m  
th e  o p p o s i t e  e n d  in to  th e  m a te r ia l. T h u s  ca rr iers  are n o t  n o r m a lly  lo s t  in to  th e  
e le c tr o d e s  t h r o u g h  th e  ca rr ier  d r if t  fo r  a p e r fe c t  co n ta c t.
5.7 Metal-semiconductor contacts.
T o  m e a s u r e  th e  p h o t o c o n d u c t iv e  p r o p e r t ie s  o f  a  m a te r ia l i t  is  n e c e s s a r y  to  
m a k e  e le c tr ic a l c o n ta c ts  to  th e  m a te r ia l. S u c h  c o n ta c ts  w o u ld  b e  id e a l  i f  t h e y  
in t r o d u c e d  n o  r e s is ta n c e  to  th e  f l o w  o f  c u r r e n t o r  a p p l ie d  f ie ld  s tr e n g th .  
H o w e v e r ,  e v e n  w it h  to d a y s  t e c h n o lo g y ,  a n  id e a l  c o n ta c t  to  m o s t  m a te r ia ls  is  
s t i l l  c o n s id e r e d  to  b e  s o m e t h in g  o f  a n  art.
T h e r e  a re  th r e e  c a s e s  in  w h ic h  b a r r ie r s  a re  c r e a te d  a t th e  m e ta l- s e m ic o n d u c to r
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in terfa ce:
1) Im p r o p e r  m a tc h in g  o f  w o r k  fu n c t io n s  b e t w e e n  th e  m e ta l  a n d  th e  
s e m ic o n d u c to r .
2 ) P r e se n c e  o f  su r fa c e  s ta te s  o n  th e  s e m ic o n d u c to r  p r o d u c in g  a n  in tr in s ic  
su r fa c e  b arrier.
3) T h e  p r e s e n c e  o f  a  th in  la y e r  o f  a th ir d  m a te r ia l s u c h  a s  a  th in  f i lm  o f  
o x id e  w h ic h  in  tu r n  c a u s e s  b a rr iers  fo r  r e a so n  1 or  2.
T h e  p r e s e n c e  o f  s u c h  b a r r ie r s  c a n  b e  d e m o n s tr a te d  b y  th e  r e c t if ic a t io n  e f fe c t .  
T h is  m e a n s  th e  r e s is ta n c e  to  c u r r e n t  f lo w  is  m u c h  le s s  fo r  o n e  d ir e c t io n  o f  
a p p lie d  f ie ld  th a n  fo r  th e  r e v e r s e  d ir e c t io n . C a rr iers  c a n  o v e r c o m e  s u c h  
b a rr iers  e ith e r  b y  q u a n tu m -m e c h a n ic a l  tu n n e l l in g  th r o u g h  th e  b a rr ier  o r  b y  
p o s s e s s in g  s u f f ic ie n t  e n e r g y  to  p a s s  o v e r  it. C o n s id e r  th e  c a s e  o f  im p r o p e r  
m a tc h in g  o f  w o r k  fu n c t io n  b e t w e e n  th e  m e ta l a n d  s e m ic o n d u c to r , w it h  w o r k  
fu n c t io n  o f  th e  m e ta l b e in g  g r e a te r  th a n  th a t o f  th e  s e m ic o n d u c to r  (<j>m >
F ig u r e  33 . E n e r g y  r e p r e s e n ta t io n  b e t w e e n  a m e ta l a n d  s e m ic o n d u c to r
b e fo r e  c o n ta c t .
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Taking an n-type semiconductor, a metal with work function, <J>m/ a 
semiconductor with an electron affinity Xs and work function <j>8. On contact, 
electrons will flow from the semiconductor into the metal as the Fermi level 
in the semiconductor is higher than that in the metal.
The movement of electrons will persist until the electric field set up a balance 
drift current and the diffusion current due to the electron concentration 
gradient. The diagram below illustrates the end result.
Figure 34. Metal and n-type semiconductor after contact.
A barrier has been formed by the negative charge at the contact and positive 
charge in the form of ionized donors distributed in a volume of the 
semiconductor extending to a distance, d, from the contact. The width, d, of 
this region can be estimated using Poissons law. The potential energy, V, of 
an electron is given as,
d2 V  = ,  (5 .3 1 )
d x2 e
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w h e r e  N  is  th e  d e n s i t y  o f  io n iz e d  d o n o r s  a n d  e is  th e  d ie le c tr ic  c o n s ta n t . 
V  h a s  th e  s o lu t io n  o f
V = N e d 22e
(5 .32 )
In  te r m s  o f  th e  h e ig h t  o f  th e  b a rr ier  th e  d e p le t io n  w id th  is
d = 2e(<L - 30 
N  e
(5 .33 )
s in c e  V  = -  x .-
T h e  a p p lie d  v o lta g e  a c r o ss  th e  m e ta l- s e m ic o n d u c to r  w i l l  b e  m a in ly  
c o n c e n tr a te d  at th e  b arr ier . S u c h  b a rr ier  c o n ta c ts  are c le a r ly  u n d e s ir a b le  s in c e  
th e  p u r e  p h o t o c o n d u c t iv i t y  a c r o ss  th e  v o lu m e  o f  th e  m a te r ia l is  n e e d e d .  
A n o th e r  c o n ta c t  ty p e  is  w h e n  th e  w o r k  fu n c t io n  o f  th e  m e ta l is  l e s s  th a n  th a t  
o f  th e  s e m ic o n d u c to r  (<j>m < <)>„). N o  b a rr ier  is  n o w  p re se n t.
(a) (b)
F ig u r e  3 5 . A  m e ta l- s e m ic o n d u c to r  c o n ta c t  b e fo r e  (a) a n d  a fter  c o n ta c t  (b).
104
A n  e x c e s s  a m o u n t  o f  e le c tr o n s  a re  n o w  p r e se n t  in  th e  s e m ic o n d u c to r  n e a r  th e  
c o n ta c t . T h is  ty p e  o f  c o n ta c t  is  k n o w n  a s  a n  o h m ic  c o n ta c t  s in c e  n o  
r e c t if ic a t io n  is  n o t ic e d  a n d  a ls o  th e  c u r r e n t th r o u g h  th e  c o n ta c ts  o b e y s  O h m 's  
la w  o v e r  a w id e  r a n g e  o f  v o lta g e s .
In  rare  c a s e s  th e  m e ta l w o r k  fu n c t io n  m a y  b e  th e  s a m e  a s  th a t o f  th e  
s e m ic o n d u c to r , s u c h  a c o n ta c t  is  c a lle d  a n e u tr a l c o n ta c t . O h m ic  c h a r a c te r is t ic  
m a y  b e  o b s e r v e d . T h e  s i tu a t io n  fo r  a p - ty p e  s e m ic o n d u c to r  is  i l lu s tr a te d  
b e lo w .  O h m ic  c o n ta c t  is  o b ta in e d  if  th e  w o r k  fu n c t io n  o f  th e  m e ta l is  g r e a te r  
th a n  th a t  o f  th e  s e m ic o n d u c to r  a n d  a r e c t ify in g  b a rr ier  c o n ta c t is  p r e s e n t  i f  th e  
m e ta l w o r k  fu n c t io n  is  le s s  th a n  th a t  o f  th e  s e m ic o n d u c to r .
'
b e fo r e  (a) a n d  a fter  c o n ta c t  (b)
b e fo r e  (c) a n d  a fter  c o n ta c t  (d )
F ig u r e  3 6 . C o n ta c t  b e t w e e n  a m e ta l a n d  p - ty p e  s e m ic o n d u c to r .
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Bardeen" has proposed that the presence of barriers at the metal- 
semiconductor interface can also be due to the surface states of the material, 
this will result in an intrinsic surface barrier even before the contact with a 
metal is achieved. The contact barrier then becomes independent of the work 
function of the metal used. The diagram below illustrates this for typical n and 
p-type semiconductors with surface states.
p - type n -  typ e
 I....
Surface
n -  type p -  typ e
Figure 37. Surface states at the surface proposed by Bardeen.
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T h e  e ffe c t  o f  th e s e  s u r fa c e  s ta te s  m a y  b e  s u c h  th a t  a n  in v e r s io n  la y e r  o f  
o p p o s i t e  c o n d u c t iv i t y  ty p e  n e a r  th e  s u r fa c e  is  c r e a te d . P e a r s o n 100 n o te d  th a t  
m o s t  o f  th e  n o n o h m ic  c h a r a c te r is t ic s  d u e  to  th e  su r fa c e  b a r r ie r s  a re  l in k e d  to  
th e  d e v ia t io n s  fr o m  e q u il ib r iu m  e le c tr o n  a n d  h o le  d e n s it ie s .  I f  th e  ra te s  o f  
r e c o m b in a t io n  a n d  g e n e r a t io n  is  m a d e  h ig h  e n o u g h  to  m a in ta in  e q u il ib r iu m  
d e n s it ie s  d u r in g  c o n d u c t io n  t h e n  th e  c o n ta c t  w i l l  b e h a v e  o h m ic ly .  S lig h t  
m e c h a n ic a l  d a m a g e  to  th e  s u r fa c e  is  o f t e n  h e lp fu l  in  o b ta in in g  o h m ic  c o n ta c ts ,  
a s  is  d i f f u s in g  in  th e  m e ta l  m a k in g  a d o p e d  c o n ta c t  in to  th e  s e m ic o n d u c to r .  
T h e  c o n ta c t  is  m a d e  o v e r  a  s e c t io n  o f  s e m ic o n d u c to r  c o n ta in in g  a  h ig h  
im p u r ity  c o n c e n tr a t io n . M a n y  o h m ic  c o n ta c ts  are fo u n d  in  p r a c tic e  to  b e  
S c h o ttk y  b a rr iers  th a t  are  s o  n a r r o w  th a t  tu n n e l l in g  c a n  o c c u r  fr e e ly .
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Chapter 6.
6.1 Introduction.
M u c h  o f  th e  e x p e r im e n ta l  d e m o n s tr a t io n s  ca r r ie d  o u t  in  th is  t h e s is  a re  r e la te d  
to  th e  q u a n tu m  c o n f in e d  e n e r g y  s ta te s  in  l o w  d im e n s io n a l  s tr u c tu r e s  (L D S )  
w it h  r e s p e c t  to  a p p l ie d  p r e s s u r e . T h e  m a jo r ity  o f  th e  w o r k  r e p o r te d  in  th e  
lite r a tu r e , u p  to , n o w  c o n c e r n s  th e  p h o to lu m in e s c e n c e  p r o c e s s  in  b u lk  o r  L D S  
s tr u c tu r e s . T h is  in v a r ia b ly  m e a n s  th a t  o n ly  th e  lo w e s t  p o s s ib le  e n e r g y  s ta te  is  
lo o k e d  a t. T o  s t u d y  th e  h ig h e r  e n e r g y  s ta te s  o th e r  te c h n iq u e s  h a v e  g o t  to  b e  
u s e d ,  s u c h  a s  a b s o r p t io n  a n d  p h o t o lu m in e s c e n c e  e x c ita t io n  s p e c tr o s c o p y .  
O p tic a l s p e c tr o s c o p y  c a n n o t  b e  u s e d  to  s t u d y  th e  e le c tr ic a l p r o p e r t ie s  o f  th e  
m a te r ia l o n ly  th e  o p t ic a l. P h o t o c o n d u c t iv i t y  o r  a n y  o th e r  t e c h n iq u e  th a t  
in v o lv e s  f e e d th r o u g h s  h a s  th e  a d v a n ta g e  o f  b e in g  a b le  to  d o  b o th . In  th is  
c h a p te r  th e  r e s u lts  o f  s e v e r a l  p h o t o c o n d u c t iv i t y  e x p e r im e n ts  c a rr ied  u n d e r  
p r e s s u r e  w i l l  b e  d is c u s s e d .  B o th  s tr a in e d  I n G a A s /G a A s ,I n G a A s /A lG a A s  a n d  
u n s tr a in e d  I n G a A s /I n G a A s P  s a m p le s  h a v e  b e e n  s t u d ie d  a n d  s o  th e  b a s ic  
c o n c e p ts  o f  s tr a in e d  la y e r  e n g in e e r in g  w i l l  a ls o  b e  in tr o d u c e d .
6.2 Heterojunctions.
H e te r o ju n c t io n s  a re  n o w  th e  b a s is  o f  m a n y  s e m ic o n d u c to r  m ic r o s tr u c tu r e s  
(q u a n tu m  w e l l  s tr u c tu r e s ) . T h e s e  a re  fo r m e d  w h e n  tw o  d if fe r e n t  b a n d  g a p  
s e m ic o n d u c to r s  a re  jo in e d  to g e th e r . T h e  m o s t  fr e q u e n t ly  u s e d  m a te r ia ls  h a v e
Quantum wells under pressure.
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been GaAs and Ga,_xAlxAs. For example, a thin layer of GaAs is grown 
between two thick layers of Gaj.xAlxAs alloy. Since the change in electronic 
structure is abrupt and the two materials are lattice matched, then the 
potential is just two potential steps superimposed in a back to back position. 
This is shown in figure 38 where the band gap, Eg, of GaAs is less than that 
of Ga^A^As.
Ga A! As GaAs Ga Al As
1-X X 1-X X
Figure 38. A sample consisting of a thin layer of GaAs 
sandwiched between thick layers of Gaj_xAlxAs.
Now let us consider how the two heterojunctions affect the electronic 
properties. If a free electron is placed in the quantum well it will settle in the 
lowest energy level of the GaAs. The total electron energy may be written as
w h e r e  m e* is  th e  b u lk  e le c tr o n  e f fe c t iv e  m a s s  o f  th e  lo w e s t  c o n d u c t io n  b a n d  o f  
G a A s , K  is  th e  w a v e  v e c to r  in  th e  p la n e  o f  th e  w e l l  a n d  E c is  th e  c o n f in e m e n t  
e n e r g y  c a lc u la te d  b y  s o lv in g  th e  o n e  d im e n s io n a l  S c h r o d in g e r  e q u a t io n . I f  w e  
n o w  c o n s id e r  th e  c a s e  o f  a n  in f in i t e ly  d e e p  q u a n tu m  w e l l  th e  c o n f in e d  s ta te s  
in  th e  w e l l  c a n  b e  d e s c r ib e d  b y  s o lu t io n s  o f  th e  S c h r o d in g e r  e q u a t io n ,
= fc> , (6.2)
th is  le a d s  to  a  s o lu t io n  o f  th e  fo r m ,
. . , n n z  ,
= A  s in  | _  | ,  (6 .3 )
w i t h  e n e r g y ,
E  = —  I — I w h ere  n  = 1 ,2 ,3 . . .  (6 .4 )
* 2m  1 L 1z
T h e  p r o c e d u r e  u s e d  h e r e  to  d e s c r ib e  th e  c o n f in e m e n t  o f  e le c tr o n s  a t th e  
c o n d u c t io n  b a n d  e d g e  c a n  a ls o  b e  u s e d  fo r  th e  v a le n c e  b a n d . T h e  c o n f in e d  
e n e r g y  le v e ls  a re  e x p e c te d  to  l ie  b e lo w  th e  to p  o f  th e  v a le n c e  b a n d  o f  b u lk  
G a A s. T h e  p o s i t io n  o f  th e s e  l e v e ls  r e la t iv e  to  th e  b u lk  b a n d  e d g e  is  n o t  th e  
s a m e  a s  th a t  in  th e  c o n d u c t io n  b a n d , b o th  th e  b a n d  o f f s e t  a n d  th e  e f fe c t iv e  
m a s s  a re  d if fe r e n t . In  m o s t  c o m m o n  s e m ic o n d u c to r s  th e r e  a re  t w o  d if fe r e n t  
b a n d s  a t th e  to p  o f  th e  v a le n c e  b a n d , th e  h e a v y  h o le  b a n d  w it h  a  la r g e  
e f fe c t iv e  m a s s , m*hh, a n d  th e  l ig h t  h o le  b a n d  w it h  a  s m a lle r  e f f e c t iv e  m a s s , m*lh. 
T w o  s e t s  o f  c o n f in e d  l e v e ls  a r e  n o w  o b ta in e d  fr o m  th e  v a le n c e  b a n d , o n e
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associated with the heavy hole and the other with the light hole.
L = 1
-k------------------------------------ L = 1
L = 1 ---------------------------------- * -
Heavy hole Light hole
Figure 39. The band diagrams for a quantum well, indicating the allowed
optical transitions.
6.3 Optical properties of a GaAs quantum well.
Knowing that the uppermost state lies below the top of the valence band and 
the lowest conduction level lies above the bottom of the conduction band then 
the energy needed to excite an electron from the valence band into the 
conduction band is larger than that of the gap of bulk GaAs,
Eg (quantum well) = Eg (GaAs) + EeI + Ehhl (6.5)
or
Eg (quantum well) = Eg (GaAs) + Eel + Elhl (6.6)
where EeI, and Elhl are the energies of the lowest confined electron, heavy 
hole and light hole states respectively.
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A more accurate and sophisticated method of calculating the energy levels is 
the envelope function approximation101"104. It takes into account the following 
considerations:
a) Most of the semiconductor heterostructure materials display similar 
band structures. The periodic parts of the Bloch functions of the relevant band 
edges do not differ very much from one host material to the other.
b) The electronic states of the heterostructures are often close to the 
band extrema, only a small proportion of the Brillouin zone is involved in the 
building of the heterostructure states. It is therefore reasonable to take only the 
conduction, valence and spin split-off edges into consideration when building 
up the energy states, as the wave function is a slowly varying function.
6.4 Hydrostatic pressure on quantum confined states.
The characteristics of the quantum well states under pressure are determined 
by the following.
a) A difference in pressure coefficients of the well and the barrier 
materials. This means that the confining potential will change with pressure. 
For example in the InGaAs/GaAs system the pressure coefficient of the well 
material is less than that of the barrier. If we assume the band offset ratio 
remains constant with pressure then the electrons and holes see an increase in 
the potential barrier leading to a higher confinement energy. The pressure 
coefficients of the confined states are expected to be somewhat greater than 
that of bulk InGaAs.
b) A variation of band offset ratio with pressure. Again, for example, 
in InGaAs/GaAs the total offset is increasing with pressure. This can lead to 
a notable difference to the pressure coefficients depending on the behaviour
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of the offset with pressure. The electron confinement energy is sensitive to any 
change in the conduction band offset due to the light mass. The heavy hole, 
having a much greater mass, is much less sensitive to changes to the valence 
band offset.
c) A mass increase with pressure in both the well and the barrier. An 
increase in the mass of the carriers in the well if nothing else changes will 
result in a reduction in the confinement energy. The wavefunctions must be 
continuous at the interface the mass in the well and the barrier will be 
increasing at different rates it does result in a drop of the energy levels in the 
well depending on the material system.
d) A reduction in well width resulting in an increase in confined state 
energy. In practice this increase is very small.
6.5 Strained layer structures.
Over recent years it has been possible to grow high quality epilayers which are 
not lattice matched to their substrate. This is possible by growing a thin 
epilayer of material with a lattice constant, ae, on a thick substrate with lattice 
constant aa. The mismatch is accommodated by strain in the pseudomorphic 
layer . This epilayer is now under a biaxial stress such that its in-plane lattice 
constant, a ,, equals the substrate lattice constant, as. The net strain in the 
layer is given by
e ir® * * -ew
(«. -  <0 (6.7)
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The layer also distorts along the growth direction, the strain is now
, X - - - * L V  (6.8)
1 - a 1
where a is Poisson's ratio. For a tetrahedral semiconductor o is approximately 
1/3 so that ex « -E|. The total strain may be resolved into the following two 
parts:
a hydrostatic component
A V  = 8 . , . ,  = 8 „ „  + 8 . „ .  + e . . « e ,  (6*9)
v vol xx yy  zz
and an axial component
ea* = ei  ~ e , - - 2 e ,  ■ (6-10)
The growth of the pseudomorphic film may be continued until it reaches some 
critical thickness. When the film exceeds this critical thickness the misfit is 
accommodated by the formation of misfit dislocations and the lattice constant 
of the film relaxes towards the unstrained value. The strain energy necessary 
to form these dislocations is approximately proportional to the product of the 
misfit strain and film thickness. If the thickness of the lattice mismatched 
epitaxial layer is below a certain critical thickness the dislocations are not 
generated because it is energetically more favourable to accommodate the 
strain energy by stretching the epitaxial layer than to create dislocations.
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6.6 High pressure Photoconductivity of InGaAs/GaAs and InGaAs/AlGaAs 
quantum Wells.
The InGaAs/GaAs and InGaAs/AlGaAs samples used in this work were 
grown by MBE in a Vacuum Generator V80H reactor at RSRE. They consisted 
of a single well of InGaAs composition and either GaAs or AlGaAs barriers 
and are nominally undoped.
Table 9. The table showing the sample parameters.
ME738 Material Thickness A
GaAs barrier GaAs 500
InGaAs QW In2Ga8As 100
GaAs barrier GaAs 500
GaAs buffer GaAs 7335
GaAs substrate
ME741 Material Thickness A
AlGaAs barrier Al 2Ga8As 500
InGaAs QW In2Ga8As 100
AlGaAs barrier Al2Ga8As 500
GaAs buffer GaAs 7335
The high pressure experiments described were all conducted in the diamond 
anvil cell described earlier. The sample preparation details are explained in 
chapter 3. The band edge of the GaAs layers of the sample was used as the
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pressure gauge.
Figure 40. A picture of a cleaved sample of the right size 
next to a ruby chip.
In the InGaAs/GaAs and InGaAs/AlGaAs the states were identified by means 
of optical reflectivity105, carried out by our collaborators using samples from 
the same wafer.
Figure 41 and 42 shows typical photoconductivity spectra obtained from the 
InGaAs/GaAs samples at ambient pressure. Three distinctive features can 
clearly be seen, the GaAs band edge, the E2-HH2, the E1-LH1, and the El- 
HH1 transition. Figure 43 is the PL spectrum of the same material showing the 
ground state emission and the GaAs edge. To see the GaAs edge 3 Watts of 
laser power was needed since, at much lower power, the GaAs signal would 
be too small to see. The E1-LH1 is just about visible at around 865 nm, again 
made possible by using a high laser output.
The material is already strained, adding contacts to it could potentially give 
an additional strain. We can assume that the effect of this contact strain is so
117
small compared to the built in material strain that it can be neglected.
The GaAs band edge emission shifts at 10.7 meV/kbar until the GaAs T-X 
minima cross over at about 40 kbar. Even above this pressure the band edge 
absorption should be strong enough to exhibit the T-T transition character, it 
would therefore be reasonable to carry on using the band edge as the pressure
gauge. photoconductivity
Figure 44 shows a series of^spectra under pressure. As the pressure increases 
the main features, of the quantum well, shift. The emission energy increases 
with pressure at different rates for different states.
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Figure 41. Photoconductivity spectrum of In2Ga8As/GaAs at 300I< with the 
higher energy states clearly visible.
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Figure 42. Photoconductivity spectrum of In2Ga8As/GaAs cooled to 80K,
showing much sharper peaks.
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Figure 43. PL showing the ground state and GaAs emission as well 
as the Light Hole transition at 865 nm for In2Ga8As/GaAs.
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Figure 44. A series of spectra for the In2Ga8As/GaAs sample, at increasing 
pressure, note the LH1 disappearing with increasing pressure.
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6.7 Results and discussion for the In2Ga 8As/GaAs quantum well.
A plot of pressure against photoconductivity transitions is shown in figure 45. 
Figure 46 shows the difference between the quantum-well and GaAs emission 
energies against the GaAs emission energy. We see that three states are 
moving at different rates. The errors in the measured pressures are strictly not 
critical when the data are plotted this way since the absolute accuracy of the 
GaAs pressure coefficient is not needed. The plot is the difference between the 
photoconductivity pressure coefficient of the GaAs band gap and the quantum 
well band gap and is insensitive to errors in the absolute value of the GaAs 
pressure coefficient.
From figure 46 we have obtained the pressure coefficients for the following 
transitions:
E1-HH1 9.8 ± .3 meV/kbar,
E1-LH1 10.6 ± .3 meV/kbar,
and E2-HH2 9.4 ± .3 meV/kbar.
Wilkinson et al.106 reported that the pressure coefficient of the E1-HH1 of the 
I^Ga^As is 9.7 meV/kbar from an experiment carried out in a DAC by 
means of PL spectroscopy.
There are a number of authors, Shan107, Wang108 and Hou et al.109, who have 
presented evidence in the literature of low pressure coefficients in InGaAs 
quantum wells of a particular composition, with values decreasing with 
increasing well width. The experiments were carried out by PL in a DAC. It 
must be noted however that Shan and Wang et al. obtained their results from 
very narrow wells.
A pressure coefficient similar to that of bulk unstrained InGaAs (10.7 
meV/kbar) was expected. It is clear that the anomalously low pressure
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Figure 45. GaAs band gap shift-transition energy plots showing the three 
states; A) E1-HH1, B) E1-LH1 and C) E2-HH2 for the In2Ga.8As/GaAs single 
quantum well. The solid line is a least square fit for the data.
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GaAs band edge (eV)
Figure 46. Plot showing the difference in the transition energy relative to the 
band edge for the three states; A) E1-HH1, B) E1-LH1 and C) E2-HH2, for the 
In2GagAs/GaAs single quantum well.
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coefficient obtained by our PCE spectroscopy experiment agrees with that from 
PL is therefore not an artefact as has been previously suggested. The present 
results demonstrate clearly that the effect is directly associated with the band 
edge density of states, throughout the whole layer, (proved by PC), and cannot 
be explained away by anomalous behaviour from a small proportion of the 
states which might be selectively observed in PL.
The work carried out therefore shows that the unexpected pressure coefficient 
is intrinsic to the strained InGaAs well material itself.
Wilkinson et al. has suggested the possible influence of higher-order elastic 
constants and the strain-dependent deformation potentials on the pressure 
coefficients. A brief description will be given here.
The total strain due to the axial, eax, and hydrostatic component, evol, are
where a is the hydrostatic band gap deformation potential and b the axial
e
a x
ej. e (6.11)
and
z z
(6.12)
=  2 0  ii +  e ±  •
(6.13)
The built in strain will modify the unstrained band gap, Eg°, to E„
E = E° + as , -  \be I
g  g  v o l  I a x '
(6.14)
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deformation potential. Using equations 6.11, 6.13 and 6.14 we get
Es = K  + 3"e t + (a + bK  • (6-15)
Varying the band gap with pressure equation 6.15 becomes
dE a de f,  i
_ *  = « _ ( 3e.) + (« + &)—  . (6-16)
dP dP 1 v ' dP
Assuming that the deformation potential is independent of strain, then the 
strained well pressure coefficient may be written in terms of the unstrained 
alloy coefficient,
dE B dE° de
_ £  = + (a + &)— £  , (6.17
dP B dP v } dP
where
£.(36,,) = -.I , —L = -_ i (6-18)
dP »' B dP B
and Bs and Bx are the GaAs bulk modulus and the free-standing alloy 
respectively.
Bx/B9 is estimated as
5  -  (frj* -  1 + 4e? (6.19)
B a 1
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and the axial strain pressure dependence is estimated as,
(fl + b)El ~ - i£ e ? ^ £  . (6.20)
v ’ dP 3 1 dP
The pressure coefficient of strained layers assuming the deformation potential 
is independent of strain is given as,
dE „ dEl in „dE°
_ £  = (1 + 4e“)— 1 + ( - _ e “— -) (6-21)
dP 1 dP 3 1
where e K° is the in-plane strain when P=0 and « -.07x for h^Ga^As lattice 
matched to GaAs. Equation 6.21 may be written as,
dE (X) {r
— Y—  = 10.7 -  0.5x meV/kbar . C6-22)
dP
Equation 6 2 2  predicts a reduction in the pressure coefficient, in the case of x 
= .2 , the reduction would be approximately .1 meV/kbar. This does not 
represent a sufficient reduction to account for our results.
The next possible consideration is the third order elastic constant,this has the 
effect of almost halving the pressure dependence of the axial strain, hence,
5 n dE°
(a + b ) _ Y  -  (6-23)
dP 2 1
and
dE (x) „ r*A\
— = 10.7 - 1.7* meV/kbar . (6*24)
dP
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This effect is still a factor of two down on that required to explain the results. 
In the strain dependent hydrostatic deformation potential, a, case
E -  E° + ae . + a e2 + a e2 , (6.25)
or or 71 n t  f lY  /TY 1 m l  '
the pressure dependence is,
dE de . de
—i  = (a + 2a e ^  + 2a e —  . (6-26)
dP y v wl> dP “ “  dP
The second term in equation 6.26 is expected to lead to an overall increase in 
the pressure coefficient; a,, is the second order band gap deformation potential. 
The strain dependence of the axial deformation potential, b, is expected to 
show little variation between different III-V semiconductors, hence, it is 
doubtful whether the strain dependent b could account for the experimental 
difference. However if we suppose b did contribute to the reduced pressure 
coefficient then the value of b would have to increase very rapidly with 
increasing hydrostatic pressure, at a rate of 1% per kbar, this means that b is 
increasing by 50% for a volume change of 3% . This is considered highly 
unlikely.
Other explanations for the anomalous pressure coefficient need to be looked 
at. It is however clear that from the results from our experiment the PL 
measurements are not due to some form of localised defects since, we also 
obtained the same low value from PCE.
The E2-HH2 transition was found to move at 9.4 meV/kbar, again significantly 
lower than its anticipated value which should be near to that of GaAs (10.7 
meV/kbar). On closer inspection this deviation may be attributed to the 
pressure dependence of the electron effective mass, which leads to a reduction
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The n=2 electron transitional energy state, is 1.486995 eV, ( the electron 
effective mass me = .067). Assuming now that the effective mass changes to me 
= .068,
the energy level will now be, E2 = 1.486015 eV. (The energy level, Ev  was 
calculated from the bottom of the valence band to the electron level in the 
conduction band). The change in energy with a unit change in effective mass 
is
dE„
— ~ = -98 meV . (6.27)
dm
e
of the change in the confinement energy with increasing pressure.
We also know that the rate of change of electron effective mass with pressure 
is approximately
dm __v
— - « .01 /kbar . (6.28)
dP
Therefore the reduction in the transition energy with pressure is
dm
  =  x — ! = -1 meV/kbar . (6.29)
dP dm dP
e
If we take the pressure coefficient to be 10.7 meV/kbar then the pressure 
dependence of the electron effective mass will contribute to a reduction of 
approximately 1 meV/kbar. This results in a pressure coefficient of 9.7 
meV/kbar which is comparable with the value of 9.4 meV/kbar obtained 
experimentally.
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Using the same method of calculation, but, this time for the E1-HH1, the 
reduction in the transition energy with pressure is approximately 0.4 
meV/kbar, still does not account for the experimental difference.
The measured pressure coefficient of the E1-LH1 transition is 10.6 meV/kbar, 
this seems very high, it is clear from figure 44 that the LH1 gradually fades 
away as the pressure increases. It disappears totally at between 17 and 19 kbar. 
The reason for this high coefficient is unclear, but, may be linked to the heavy 
hole-light hole splitting. As the pressure increases the strain in the well 
increases causing the HH-LH split to increase which may result in a high LH 
pressure coefficient.
6.8 Results and discussion for the In2Ga 8As/A1 2Gat8As quantum well.
Figure 47 shows two spectra at 300K and 80K, both illustrate the relatively low 
intensity of the photoconductivity of the quantum well. Figure 48 shows the 
difference between the quantum-well and GaAs energies against the GaAs 
energy. The measured pressure coefficients of the two states are,
E1-HH1 8.8 ± .3 meV/kbar
E2-HH2 8.3 ± .3 meV/kbar
Wilkinson et al.106 has reported a pressure coefficient of 9.7 meV/kbar for the 
E1-HH1 transition. The exact reason behind such a big discrepancy, of 0.9 
meV/kbar, is unclear. As in InGaAs/GaAs a value similar to that of the bulk 
unstrained InGaAs (10.7 meV/kbar) would have been more appropriate. 
There has been a number of published values over the years regarding the 
value of the pressure coefficient of E-E transition of AlGaAs material, 
Chandrasekhar110 reported a value of 9.9, Adachi11111.5-1.3x and Lifshitz11212.0 
meV/kbar. Whatever value is chosen to be the correct one it is clear that the
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coefficient of 8.8 meV/kbar, found in our work, is substantially lower that 
expected, though we might be able to attribute part of this drop to the 
pressure dependence of the electron effective mass.
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Figure 47. Photoconductivity spectra for the InGaAs/AlGaAs sample showing 
two transitional levels on expansion; E1-HH1 and E2-HH2. The relative 
intensity of photoconductivity of the quantum well is lower than that of the 
InGaAs/GaAs, cooling at 80K increase the sharpness only marginally.
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Figure 48. A plot showing the difference in the transition energy relative to the 
band edge for the two states; A) E1-HH1 and B) E-HH2 for the 
InGaAs/AlGaAs sample.
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The most perplexing experimental problem found when using the 
InGaAs/AlGaAs material is in the fabrication of consistently good, low 
resistance, ohmic contacts. In the majority of the cases the resistance of the 
sample was found to be in the tens of meg ohms. This resistance is due to that 
of the capping layer. To improve the contacts Gold-Germanium contacts were 
evaporated and rapid thermal annealed at 350°C for 30 seconds but to no avail. 
It seems that the carriers are not penetrating deep into the well, the 
photoconductivity spectra is that of GaAs even with the lock-in sensitivity set 
at pV , (a typical spectra can be seen below).
860 880 900 920 940 960 980 1000 
Wavelength (nm)
Figure 49. The spectra of the quantum well when the resistance of the sample 
was found to be in the tens of meg ohms.
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6.9 High pressure photoconductivity measurements on InGaAs/InGaAsP.
This material is unstrained and was grown by MOCVD. The sample 
parameters are as follows
QS582 Material Thickness pm
capping layer InP .05
barrier Irf 67Ga 33 As 7P 3 .1
InGaAs QW In53Ga47As .01
barrier 1^ .67^  33^  S7P.3 .1
buffer layer InP .25
InP substrate
Since InP material is much more brittle than GaAs there is a further practical 
problem that the samples break more often in the sample chamber.
Figure 50 shows the photoconductivity spectra obtained, an InP band edge 
drop similar to that of GaAs cannot be seen. This is believed to be because the 
number of carrier pairs in the well is much greater than that in the GaAs. This 
means that the photoconductivity intensity is much stronger which has lead 
to a swamping of the band edge. The E1-HH1 pressure coefficient from figure 
51 is 10.83 meV/kbar, a value of 10.31 meV/kbar113 was obtained by PL.
The pressure coefficient value used for the InP is 8.4 meV/kbar114, the values 
measured in the literature vary from 7.5 to 8.8 meV/kbar with errors of 
approximately ± 0.2 meV/kbar.
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Figure 50. The photoconductivity of the In53Ga47A s/In67Ga33As7P3 single 
quantum well at 300K, showing the E1-HH1 and E2-LH2 states. A weak InP 
band edge is also shown.
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Figure 51. Difference between the photoconductivity of the In53Ga47As 
quantum well and that of the InP band edge versus the InP band edge.
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The values obtained appear to be similar to that of bulk InGaAs.
Figure 50 shows two transitional energy states, E1-HH1 and E2-LH2, on 
cooling to 80K, or applying pressure, the E2-LH2 transitions disappears, this 
is totally unexpected and is still unexplained. The identification of the states 
were carried out by comparing the experimental position of the states with the 
possible transitions obtained from theoretical calculations115 based on the Van 
de Walle116 model-solid theory.
Table 10. Showing the published pressure coefficients for the T conduction 
band in InP obtained by various techniques.
meV/kbar Technique Temperature
8.0 ± 0.2 Photoconductivity 300K117
8.8 Photoluminescence 300K118
8.4 ± 0.2 Absorption and 
Photoluminescence
300I<114
7.5 ± 0.2 Photoluminescence 20K119
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Chapter 7.
High Pressure Electrical measurements in a Diamond Anvil Cell were 
successfully achieved though not with quite the reliability of optical high 
pressure measurements. A number of technical hurdles still represent a 
challenge, the primary one being the reliability of the insulator at low 
temperature. The quality of contacts used up to now has sometimes proven 
unreliable. For the PC experiments the quality of the contacts is also important. 
However, in practice the experimentalist dedicated to obtaining results on a 
particular material system will already have solved this problem for his 
particular material for room pressure experiments before proceeding to high 
pressure experiments.
A profound improvement to electrical feedthrough technology was made in 
the course of tins work, in the development of the laminated gasket. Two 
histograms of the number of successful loads against pressure was drawn, for 
the convention gasket and the laminated gasket, figure 52 (a) and (b) 
respectively. Most of the experiments above 20 kbar and all the low 
temperature ones were carried out using the laminated gasket. In fact there 
were only three experiments that achieved pressures greater than 20 kbar 
when using the conventional gasket: 20, 23 and a 43 kbar. An overwhelming 
number failed below the 20 kbar range when the conventional gasket and 
rounded diamonds were employed. Perhaps, all the failures cannot be solely
Conclusions and further work.
7.1 Conclusions.
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attributed to the use of the conventional gasket or the rounded edge diamonds 
since a higher failure rate must be expected at the commencement of the 
programme when less experience at cell loading had been achieved. The most 
likely reason for high failure rate at low pressure is the insulating layer of the 
epoxy being too thick, causing instability even when the force is gently 
applied. Shorting at the edges also occurred.
A big advantage in using a laminated gasket is, as mentioned previously that 
there is no need to acquire purpose produced rounded or multiple bevelled 
diamonds to do electrical measurements. A single, type of ordinary diamond 
anvils are then sufficient to carry out both optical and electrical experiments. 
However, bevelled diamonds still reduce the stress around the edge during the 
indentation which lessens the risk of the diamonds being damage.
We carried out several demonstrator electrical experiments on quantum well 
samples. The pressure coefficient we obtained for the InGaAs/GaAs and 
InGaAs/InGaAsP were in agreement with the unexpected low values obtained 
by PL in the literature. Our PC results are important for they show that the 
low value is intrinsic to strained InGaAs and cannot be attributed to the 
defects level selected in the PL experiment. Pressure coefficients for the higher 
energy states were also obtained which is not normally possible with PL.
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Figure 52 (a). This chart shows the pressure range that was achieved when 
using the conventional gasket. A high failure rate was observed at low 
pressures.
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Figure 52 (b). This chart shows the pressure range achieved when using the 
laminated gasket. Higher pressures were attained using this new technique, 
however, this may be due in part to greater experience gained at cell loading 
and Araldite handling.
145
80K
*
* *
7.2 Further work.
Very little further work needs to be made to develop the Araldite epoxy 
process, except, maybe, to improve the method for obtaining consistently thin 
layers. As for low temperatures there are no known epoxies that can offer all 
the required properties such as mechanical, electrical and thermal for total 
reliability, from that point of view any reasonable epoxy will do. Nevertheless 
the loading reliability was at an acceptable experimental level. To further 
improve the chance of a successful load one can use a plasma or sputtering 
deposition technique to insulate the gaskets assuming the contacts and the 
wire bonds are of a suitable quality, but this method is not always accessible 
to those who possess a very limited budget, restricted support facilities or are 
a newcomer to this type of research. We found that particularly crucial to the 
experiment is the shape of the sample hole edges, rounded edges would be 
ideal but if not then they must be shallow bevelled, this is of a great 
importance. Also the mechanical flow of the steel under force needs to be 
more controlled as ripples are a serious nuisance.
The aspect of main concern for the laminated gasket is its tendency to slip 
under compression, at low pressures this can be tolerated, but at high pressure 
there is the distinct possibility that the slippage may result in misalignment 
and put the diamonds at risk. This is presently an inherent risk that one has 
to take with laminated gaskets.
If all the required problems can be overcome then there are a virtually 
unlimited number of experiments one can carry out. It is not possible to 
mention each one except to say that most of the electrical characterisation, 
which is currently being done at ambient pressure, can now more easily be 
tried at high pressure. This adds an important extra degree of freedom for the
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investigating of electrical properties of more materials.
